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Abstract 
A series of six experiments was carried out to search for proton radioactivity in 
odd-odd drip line nuclei in the region Z = 61 - 73. The candidate nuclei were pro-
duced with 1p3n fusion evaporation reactions and separated from beam particles 
and other reaction products using the Daresbury Recoil Mass Separator. Recoil-
ing evaporation residues were implanted in a double-sided silicon strip detector 
which recorded the energy, position and time of implantation events and subse-
quent proton or alpha decays. The position resolution of the detector (300im on 
both axes) provided a high correlation efficiency between decay events and parent 
nuclei, resulting in a system which was capable of measuring proton transitions 
with half-lives >1js and cross sections < lib. 
A new proton line has been observed in the nucleus 156Ta at energy of 1103±12keV, 
and half-life of 320±80ms. The transition is assigned to a .-s3% decay branch 
from a high spin h 11 12  isomeric state on the basis of systematics. Two transitions 
have been also observed in the new isotope 146Tm at energies of 1119±5keV and 
1189±5keV. The measured half-lives of 235±27ms and 72±23ms are well repro-
duced by simple WKB calculations assuming proton emission from h 11 1 2 orbitals 
and the transitions are assigned to a 10+ isomeric state and a low lying 5 or 
6 level. The proton separation energies have been used to assess the predictive 
quality of the Möller-Nix and Liran-Zeldes mass models fax from stability, and the 
measured partial half-lives are compared with WKB calculations based on differ-
ent nuclear potentials. The subsequent implications for level ordering beyond the 
proton drip-line are also discussed. 
No evidence was found for proton radioactivity in the nuclei 128 Pm, 132Eu, 'Tb 
and 112  Ho. On the basis of mass model systematics it was concluded that the odd 
proton in these nuclei is not sufficiently unbound for proton emission to compete 
successfully with /3-decay. 
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Nuclear stability is determined by the balance of two forces; the strong nuclear 
force, which is attractive but short range, and the repulsive Coulomb force, which 
is long range and acts only between the protons in the nucleus. Figure 1.1 shows 
the chart of nuclides. The characteristics of stability are illustrated by the po-
sitions of the stable nuclei, which are represented by the blue squares. At low 
masses these lie close to the N = Z line, but beyond A = 40 the line of stability 
shifts towards the neutron-rich side due to the increasing influence of Coulomb 
repulsion. Above "'Pb there are very few stable nuclides, since in the heaviest 
elements the short range nuclear force can no longer provide sufficient binding 
energy to overcome the longer range, repulsive Coulomb force. 
Isotopes close to the valley of stability tend to decay by /3-emission, which is 
energetically allowed for small differences in the binding energies of parent and 
daughter nuclei. Moving out towards the drip-lines the QS-value increases, but 
the decrease in the /3-decay half-lives is relatively moderate and other decay modes 
can become dominant. Initially, 8-delayed particle emission begins to occur. This 
is a two step mechanism where a slow 8-decay populates an excited state in the 
daughter nucleus which then decays by the rapid emission of one or more nucleons. 
Examples of this decay mode, such as /3p, /3n, /3a etc., have been studied in a wide 
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range of nuclei. (A review of observed 8-delayed decay modes is given in [1va89]). 
In higher mass nuclei on the proton-rich side of stability positive Q.-values begin 
to occur. The partial half-lives for a-decay drop rapidly with increasing Q.-value, 
and for highly proton-rich nuclei beyond N = 83 a-emission becomes the dominant 
decay mode. Also shown on the chart are the predicted positions of the proton and 
neutron drip-lines, which define the limits of the particle-stable nuclear landscape. 
Beyond the drip-lines nuclei are energetically unbound to the direct emission of a 
single proton or neutron from the ground state (ie. Q, > 0 or Q, > 0) 
The study of nuclei far from stability is now a major part of nuclear physics, 
having expanded rapidly since the development of heavy-ion accelerators. A com-
prehensive overview of the field can be found in [Bro89] and more recent advances 
are described in the review articles of Mueller [Mue93] and Roeckl [Roe92]. In ad-
dition to observing the new decay modes described above there is the opportunity 
to extend the data systematically as a function of N and Z, allowing the testing 
and refinement of nuclear models. Searches have been made for new shell clo-
sures (although doubly magic '°°Sn remains elusive) and progress has been made 
in determining the precise location of the drip-lines. The nuclei which have been 
studied in the laboratory are shown by the yellow squares on the chart. The major-
ity of these he on the proton-rich side of stability which reflects the fact that that 
they are easier to synthesize with current experimental techniques (eg. projectile 
fragmentation, fusion evaporation reactions) than their neutron-rich counterparts. 
Furthermore, the repulsive influence of the Coulomb force pushes the proton drip-
line much closer to the valley of stability than the neutron drip-line, making it 
more accessible. The proton drip-line has been mapped up to bromine [Moh91] 
and located in several elements in the low middle mass range [Det90] whereas 
the present limit of observation for nuclei on the neutron drip-line ends at 35Na 
[Gu189]. Beyond the drip-lines partial half-lives for direct nucleon emission drop 
rapidly and this decay mode quickly dominates. For neutron unbound nuclei, 
decays are predicted to take place on the time scale of the strong interactions 
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(< 10_22s) and for this reason the measurement of direct neutron decay has not 
been possible to date. However, at the proton drip-line the immediate emission of 
charged particles is hindered by the centrifugal and Coulomb barriers, and decays 
can occur with half-lives long enough to allow detection ( < 1s). Protons can also 
be emitted directly from isomeric states in nuclei short of the drip-line; this was 
first observed in 53 Co as an unforseen result of a systematic study of /3-delayed 
proton emitters [JaclO]. However, search experiments have concentrated on drip-
line nuclei and have been successful in measuring direct proton decay in the two 
mass regions A 109 and A 150. These measurements are discussed in section 
1.2. 
In addition to indicating that the drip-line has been crossed, measurements of 
proton radioactivity offer a unique insight into nuclear spectroscopy at the extreme 
edge of stability and allow a stringent test of the predictive quality of mass models. 
There is also the prospect of measuring proton separation energies and half-lives 
in the region below Z 40, where the data would give new insight into the rapid 
proton capture process predicted to be responsible for the synthesis of the higher 
elements within stars. This is beyond the scope of current techniques (described 
in the following section and in chapter 3), but is an exciting possibility for the 
near future. 
1.1 Measurements of proton radioactivity 
Experimental systems used to search for proton radioactivity have three basic 
requirements: Firstly, they must synthesize the desired proton-rich nuclei with 
significant cross-sections; secondly, they must have a means of separating these 
from the intense flux of neighbouring isotopes associated with the production 
reaction and thirdly, they must have a detection system which is capable of mea-
suring proton transitions and relating them to parent nuclei. An outline of the 
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experimental techniques and their development is given below. 
The production of highly proton-rich nuclei has been achieved by four major 
techniques: multinucleon transfer reactions, projectile fragmentation, target spal-
lation and fusion-evaporation. Although drip-line studies have been carried out 
using all of these methods [Mue93], the majority of proton radioactivity searches 
have relied on fusion evaporation reactions where, with the current generation of 
heavy-ion ion accelerators, proton-rich stable beam and target combinations can 
be used to produce highly proton-rich nuclei at intermediate and heavy masses. 
The first measurement of direct ground state proton emission (151 Lu) was made in 
the early eighties by Hofmann et al. [Hof82] using the GSI EJNILAC accelerator. 
A 58Ni beam was used on an isotopically enriched target of 96Ru to produce the 
compound nucleus '"Hf * at an excitation energy of 47MeV. The evaporation 
residues were separated from beam particles in the SHIP velocity filter before 
traversing a time of flight detector and being implanted in an array of position 
sensitive silicon devices. The detection and identification technique relied on be-
ing able to correlate implantation events with subsequent proton or a-decays in 
the same vertical region of the detector within a restricted time window. This 
meant that decay,  chains could be followed and new transitions identified. (The 
technique was to form the basis of later, more sensitive systems.) Although the 
overall detection efficiency of the system was high ('..s20% for fusion evaporation 
reactions with "Ni projectiles), the background from neighbouring a-emitters was 
intense, and the lack of mass separation made it difficult to assign new transitions 
unambiguously. 
In a subsequent experiment by Klepper et al. [K1e82] using the GSI on-line mass 
separator [BruSh, neutron deficient rare earth isotopes were produced with the 
reaction 68Ni + 92Mo 
-+ 150y1.a  A position sensitive silicon detector (depth = 
25im) formed the front part of a iE,E telescope allowing low energy protons to 
be separated from the intense /3-decay background. A proton line was observed 
at an energy of 1044±25keV with a hail-life of 560±40ms. The new activity was 
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clearly associated with the 147 mass group and, on the basis of calculated cross 
sections for 147 isobars, was identified as direct proton decay from 147Tm. For 
such transitions, with half-lives above 400ms, the overall detection efficiency was 
about 1%. However, the relatively long release time from the source meant that 
for shorter half lives this was dramatically reduced; the efficiency for detection of 
the 70ms a-transition in ' 55Lu was calculated to be only 0.01% [11of89]. 
The problems relating to assignment and low detection efficiency encountered 
at GSI are indicative of the two major difficulties of search experiments; the 
production rate for the channel of interest tends to be low and the background 
due to isotopes produced via other channels is high. With recoil separators (eg. 
SHIP) decays with half-lives down to about 1s were accesible, but without mass 
separation the background was intense and it was difficult to assign new transitions 
unambiguously. The advantage gained by using mass separators with conventional 
ion sources (eg. ISOLDE) tended to be offset by the loss of sensitivity to short 
hall-lives (< lOOms) due to the time taken to extract the ions from the source. 
Furthermore, the dependence on chemical selectivity meant that certain isotopes 
could not be extracted in significant amounts. These problems were tackled with 
increasing success throughout the 1980's as faster mass separation techniques and 
specialised detection systems were developed. 
To investigate shorter lived proton radioactivity Gilhitzer et al. [Gil87] developed 
a Fast Catcher detection system at the Munich Tandem Post Accelerator Com-
bination. In this setup the evaporation residues recoiling from the target were 
implanted in a thin polyamide catcher foil 6cm downstream. The subsequent 
decays were detected in backward geometry by an annular gas detector system 
during pauses in the pulsed beam. Particle identification was performed using the 
Bragg curve spectroscopy method [Sch82]. Several search experiments were car-
ried out and the new proton emitters 113Cs and 1091  were discovered with half lives 
of 33±7,is and 109±17Ls respectively [Fae84, Gil87]. The close geometry of this 
system meant that half-lives down to iOns were detectable, but the technique was 
limited due to its lack of ability to make correlations between implanted events 
and decays, and background rates were high. 
Despite the extensive searches carried out at SHIP in the period 1981 - 1987 
[Hof89], no further examples of proton radioactivity were discovered, although 
a transition associated with 15411f* was tentatively assigned to the proton decay 
of 160Lu. These searches concentrated on the light rare-earth region spanning 
the two known regions of proton radioactivity with the aim of locating the drip-
line and making a systematic study of proton transitions. Production of the 
desired evaporation residues was generally via the 1p2n evaporation channel and 
the detection system was typically sensitive to half-lives >20jis and cross-sections 
>25ib. The failure to observe any new proton emitters was taken as an indication 
that the 1p2n evaporation residues were not far enough beyond the drip-line to 
exhibit a significant proton decay branch. The search would need to be extended 
at least one nucleon further from stability in each case. The SHIP technique, and 
other techniques in use at the time, lacked the sensitivity to look for promising 
candidates produced via 1p3n evaporation channels where the predicted cross-
sections are about an order of magnitude lower than those for 1p2n channels. 
In 1989 RIDS (Recoil Implantation Detector System) was developed by Woods 
et al. [Woo89] using the Recoil Separator at the NSF, Daresbury, England. In 
this system evaporation residues were separated from beam particles in the Recoil 
Separator where different mass groups were dispersed horizontally before being 
implanted into a two dimensional, position sensitive surface barrier detector at 
the focal plane. At the time this was best available detector available, but there 
were problems with poor energy resolution and high /3-decay background [Pag90]. 
A major advance came with the introduction of a custom designed, double-sided 
silicon strip detector [Se192a]. This acted as a pixel device providing two dimen-
sional position resolution of 0.3mm on both axes and allowed proton or a-decays 
to be efficiently correlated with implanted parent nuclei. This, together with the 
detector's virtual transparency to /3-radiation, resulted in much lower background 
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than had been possible with previous techniques. With the fast in-ffight mass sep-
aration on the recoil separator, hall-lives down to 'lps were accessible at overall 
detection efficiencies of 2% - 5%, depending on the reaction. The system was a 
major breakthrough in the search for proton radioactivity, allowing a move for-
ward from 1p2n to 1p3n fusion evaporation channels which had not been feasible 
with previous systems. (A detailed description of the RIDS technique is given in 
chapter 3.) This led to a confirmation of ' 50Lu as a proton emitter, the discovery 
of the new proton emitters ' 60Re and 156Ta and the identification of a second, 
isomeric transition in the known proton emitter 147Tm [Pag92, Se193]. A descrip-
tion of these and the other known examples of proton radioactivity is given in the 
following section. 
1.2 Known examples of proton radioactivity 
Direct proton radioactivity beyond the drip-line has been identified in seven nu-
clides; 109!, 113Cs, 150Lu, ' 51 Lu, 147Tm, 156Ta and 160Re . Details of the proton 
energies, half-lives and level assignments are shown in tables 1.1 and 1.2. Their 
positions are indicated by the crosses in figure 1.2, which also shows a contour 
plot of 8-deformation. The proton emitters are in two distinct groups; five are in 
the Z = 69 - 75 region near the N = 82 shell closure and the remaining two are 
deformed transitional nuclei in the Z = 53 - 55 region. 
These existing measurements provide valuable spectroscopic information on drip-
line nuclei. The partial half-live predictions have a strong dependence on the 
orbital angular momentum; a change of one unit in 1 causing the hall-life prediction 
to change by up to an order of magnitude. Hence a comparison of predicted and 
experimental partial-half lives can allow the unambiguous assignment of protons 
to shell model states. 
In the Z = 69-75 region the predicted shell model states for the Fermi-level proton 
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are s 1 13 , d31 2 and h 11 1 2 , above the 148Gd core. For spherical shell model nuclei the 
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Figure 1.2: Positions of known proton emitters and predicted /3-deformation in the region. 
The deformation contours were extrapolated from the quadropole moment predictions of M011er 
and Nix (Mo1881. 
partial proton half-lives can be calculated using the WKB approximation with the 
real part of an optical potential such as that of Becchetti and Greenlees [Bec69]. 
(This is described in chapter 2.) On the basis of a comparison with partial hall-life 
predictions for protons emitted from these levels the transitions have been assigned 
to the orbitals shown in table 1.1. The good agreement between the measured and 
predicted partial hall-lives indicates that these nuclei are well described by the 
spherical shell model. (A more detailed analysis, incorporating the new results 
presented in this thesis, is give in chapter 4.) 
The situation is different for 1091 and 113 Cs. For these nuclei the predicted shell 
model states around the Fermi level are 2d 5 1 2 and 1h712 , above the '°°Sn core. 















Proton partial half-life 
measured predicted 
147Tm 1051±3 h11 1 3 2.7±0.2s 2.8±0.29 
147Tm 1111±4 d31 2 360±40is 152±2ps 
150Lu 1261±4 h11 1 3 40±25ms 32±3ms 
151Lu 1233±3 h1113 130±80ms 62±5ms 
' 56Ta 1022±13 d31 3 165±120ms 42±20ms 
160 Re 1261±6 d31 3 870±30js 146±201is 
Table 1.1: Level assignments and partial half-lives for known proton transitions around A 
150. The predicted partial half-lives arc from V/KB calculations using the real part of the 
Becchetti-Greenle-es optical potential. 
Nucleus I E 	Partial half-life Proton Predicted partial half-life 
(keV) (experimental) 	level (Becchetti)(Bugrov) 
' 13Cs 959±4 33±7js 9713 140js 29-411i9 
d51 3 0.4&s 0.4-6.8ps 
oJ 959±4 100±5s 97/3 3ms 2.3-2.8ms 
d51 3 7.3ps 30-19Ops 
Table 1.2: Comparison of measured and predicted partial half-lives for '°i and 113 
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In both cases the calculated 1 = 4 half-lives are larger than the measured val-
ues, particularly for 1091, and can therefore be excluded. For 1 = 2 transitions 
hindrance factors of 20 and 100 would be required to give agreement with the 
predicted values. The failure of the shell model description for these nuclei is not 
unexpected since both are predicted to have substantial prolated deformation; 
typically 02 =0.15-0.20 for 1091 and /32=0.20-0.25 for 113Cs [Mo188]. However, the 
deformation dependent model of Bugrov and Kadmenskii [Bug89] produces half-
live predictions which are in good agreement with the measured values (see table 
1.2). The half-lives shown in the table use deformation parameters of/3 2 =0.05-0.10 
for 1091 and /32 =0.10-0.15 for 113Cs to obtain the best fit with the experimental 
half-lives, resulting in the assignment of the transitions to the Nilsson orbitals 
[4201 1+ and [421]r  respectively. It would clearly be desirable to measure proton 
transitions in the highly deformed light rare earth region above 
113 Cs  to further 
test the validity of the Bugrov model. A search for proton radioactivity in this 
region was one of the aims of the work described here. 
1.3 The present experiments 
A series of 6 search experiments were carried out to search for proton radioactivity 
in drip-line nuclei produced via 1p3n fusion evaporation reactions. These nuclei 
are shown as circles in figure 1.2. 
As discussed above, the known proton emitters exist in two regions; A c 109 and 
A 150. In four of the reactions the aim was to measure proton radioactivity 
in the linking, high deformation region at Z = 61 - 67. The candidate nuclei 
were 128 PM )  132Eu, 138Tb and 14211o, each of which was predicted on the basis of 
systematics and Q-value calculations to be a potential proton emitter. 
Searches were also carried out for proton emission in the nuclei 156Ta and 146Tm. 
Proton radioactivity had already been identified in ' 56Ta, but the nuclei were 
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produced though the weak a-decay branch (9%) of ""Re and number of events 
was low [Pag92]. The aim in the present experiment was to improve the energy 
and half-life measurements by producing the 156Ta directly as a 1p3n evaporation 
residue. The nucleus 146Tm is one neutron further from stability from the known 
proton emitter 14TTm. A pair of proton emitting isotopes (150Lu and 151 Lu [Hof82, 
Se193]) had already been identified in the neighbouring odd-Z nucleus and Q-value 
calculations suggested that 146Tm was a strong candidate for proton emission. 
The factors leading to the selection of these nuclides as potential proton emitters 




The model for proton decay is conceptually simple; the proton is considered as 
a particle moving in the field of the daughter nucleus from which it may escape 
by quantum tunneling through the potential barrier. For a nuclide to exhibit an 
observable proton decay branch, not only must the Q-value must be positive; it 
must be high enough to compete with /3-decay, yet not so high that it results in a 
half-life which is too short to measure with current techniques ( < 1&s). To assess 
the likelihood of this occurring for a particular nucleus, calculations based on the 
barrier penetration model can be performed to determine the range within which 
the Q-value must lie. The Q-value can then be predicted using mass models 
such as those of Móller-Nix [Mo188] and Liran-Zeldes [Lir76]. If the prediction 
falls within the required range then the nucleus is a potential proton emitter. 
The simplicity of the decay mode means that, once identified, proton transitions 
can provide useful spectroscopic information at the extreme edge of nuclear sta-
bility: The half-live predictions based on barrier penetration codes are highly 
dependent on the orbital angular momentum of the proton. Hence, for spherical 
shell model nuclei (ie where the i-value of the proton is well defined), level assign-
ments can be made by comparing measured half-lives with predictions for protons 
emitted from the different orbitals expected to correspond to the Fermi-level. 
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The aspects of the theory of proton radioactivity relating to the identification of 
potential proton emitters and the assignments of levels for measured transitions 
are described in the following sections. 
2.1 Energy requirement 
For proton decay to be energetically feasible the Q 9-value must be positive: 
Qp = ( Mz+1 —M—mp—m)C2>0 (2.1) 
Mz+i, Mz  are the atomic masses of the parent and daughter nuclei including the 
electrons; m, m are the masses of the proton and electron. 
In terms of binding energies the Q-value is: 
Qp = (Bz—B3+i) 
	
(2.2) 
BE = (ZMH + Nm - Mz)c2 	 (2.3) 
Where Mif is the atomic mass of hydrogen and m is the mass of a neutron. (The 
electron binding energy in the H-atom can be neglected.) 
Conservation of linear momentum demands that the kinetic energy is shared be-
tween the proton and the recoiling nucleus in inverse proportion to their masses: 
QP 	E, + EM 	 (2.4) 
E— QMz (2.5) 
- Mz+m 
EM 
- Qm (2.6) 
- Mz+m 
The Q-value measurable in the lab is different from the value Q1,, which is 
required for the theoretical treatment of proton decay transmission probabilities. 
The emitted proton, as it moves through the electron cloud, loses the amount of 
energy which is required to balance the difference in the electron binding energies 
14 
of the parent and daughter atoms. Hence for Q, 	we have: 
= Q9 + Esc 	 (2.7) 
The screening correction E SC for a-decay is described by Rasmussen [Ras66] and 
the values of ESC  for proton decay can be taken from the tables of Huang and 
Mark [Hua76]. 
A comparison of the binding energies for N = 80 isotones, which include the known 
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Figure 2.1: Binding energies ofneutron-deuicient N =80 isotones calculated from the M011er- 
Nix mass formula IMo1881. These reproduce the measured Q-value of 1.24MeV for the 
proton transition 151Lu —* "°Yb. The odd-even and even-even data points are connected by 
parabolas. 
the MöUer-Nix mass tables [Mo188], which reproduce the Q9-value measured for 
151 Lu. As indicated by equation 2.2 the Q 9-values can be read as the differences in 
15 
binding energies between neighbouring isotones. Positive Q-values begin to occur 
just before the minima of the parabolas connecting the odd-even and even-even 
isotones. In the case shown here the first unbound nucleus is 149 Tm, and the first 
one with a high enough Q-value to give a measurable decay branch is 151 Lu. 
2.2 The barrier penetration model 
The semi-classical picture of proton decay treats the proton as a particle in the 
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Figure 2.2: Potential for semi-classical calculation of 147Tm partial hall-life. 
tunnels through the potential barrier and is emitted with angular momentum I 
subject to conservation of total spin and parity: 
	
Ji = 	 (2.8) 
= 	 (2.9) 
where .J, fj and ire , 7r1  are the total spins and parities of the parent and daughter 
nuclei and ó is the spin of the proton. 
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The model is analogous to the treatment of a-decay but differs in two respects: 
Firstly, the proton is a single particle as opposed to a cluster, hence no preforma-
tion factor is required, and secondly, the proton has spin 1/2, as opposed to 0 for 
the a, hence the potential must include a spin-orbit term. Furthermore, the cen-
trifugal component of the potential depends inversely on the mass of the particle 
and hence is 4 times greater for a proton than an a-particle. The transmission 
probability for protons is therefore much more sensitive to the orbital angular 
momentum 1 than is the case for a-particles. 
The expression for the radioactive decay constant A was first described by Gamow 
[Gam28]. Here A is described in a semi-classical way as the product of a frequency 
factor ii, a spectroscopic factor S, and a transmission coefficient P: 
A(=1n2/t 1 1 2 ) = vxsp xP 	 (2.10) 
where t1,i2 is the proton partial half-life. 
For the frequency v, the expression is analagous to that used by Bethe and Ras-
mussen [Bet37, Ras661 for the a-decay rates of spherical nuclei: 
%527r 
V 
= 1u/2 R(zZe 2/R - Q,i)'/2 	
(2.11) 
= [1 x A/(A + 1)]m = reduced mass 
z, Z = charge of proton and daughter nucleus 
A 	= mass number of daughter nucleus 
= 1.21fmxAi'3 
M, = 931.501MeV/c2 
The spectroscopic factor S, is introduced to account for the specific structure of 
the nucleus concerned. A value of 5,, = 1 implies that the nucleus always has a 
core + single proton structure; this is assumed to be the case in all the calculations 
described here. 
Applying the WKB (Wentzel, Kramers, Brillouin) approximation gives the traits- 
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The Gamov factor G is the integral between the classical turning points R 0 and 
= /2p/h J (V(r) - Q,,,,)112 dr 	 (2.13) 
The potential V(r) is a superposition of the nuclear potential V(r), the Coulomb 
potential Vc(r), the centrifugal potential VI(r) and the spin-orbit potential Vgo(r). 
	
V(r) = Vn (r)+Vc(r)+Vz(r)+Vso(T) 	 (2.14) 
For the nuclear component V(r) the real part of an optical potential, such 
as that of Becchetti and Greenlees [Bec69] or Perey and Perey [Per72] can be 
used; both have given predictions which agree well with experiment for ' 51 Lu and 
147Tm [Se193]. These potentials have the same form but differ slightly in their 
parameterisations, which are derived from different sets of proton scattering data. 
The potential described below uses the parameters of Becchetti and Greenlees. 
V.. (r) = —(r)f(r,R,anuc) 	 (2.15) 






where f(r,R, a) is a the Woods Saxon form factor: 
f(r, R, a) = [1 + ezp((r - R)/a)] 	 (2.17) 
with R, = 1.17fm x A 113 and a, = 0.75fm 
The Coulomb potential Vc(r) assumes a point like proton in the field generated 
by the charge of the daughter nucleus: 
G Ze 2 re.Rc \ 3 -V(r) ) 	ij i• < R 	 (2.18) 
Vc(r) = 	
Z 2 
1•> R 	 (2.19) 
4ir€0.7' 
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where RC = 1.21fm x A 1 /3 
The centrifugal term is strongly dependent on the angular momentum of the 
proton: 
= 1(1 + 1)?2 	 (2.20) Vj(r) 	
2r2 
The spin-orbit potential is of the form: 
Vso(r) =6.fA21 (__f(rRso j aso)) 	 (2.21) 
Tr dr 
where f(r,Rso,aso) is the Woods-Saxon form function given in equation 2.17, 
and 
1 	 for j=l+1/2 
= —(1 + 1) 	for j = 1 I-1/2 	(j > 0) 
R50 = 1.01fm x A 1/3 
aso = 0.75fm 
Air = pion Compton wavelength ( '.,/fm) 
2.2.1 Level assignments. 
For identified proton transitions, level assignments can be made by comparing the 
experimentally derived proton partial half-lives with those predicted using WKB 
barrier penetration calculations. Firstly, in order to make this comparison the 
proton partial half-life must be determined by establishing the proton branching 
ratio b. The main competing mode in the Z = 61 - 73 drip-line region is /3-decay, 
and in general, the required /3-branches have not been measured. (The case of 
147Tm measured by Toth et al. [Tot93] is an exception.) Where possible the /3-
decay half-life is determined by extrapolating from systematics in the region and 
if there is insufficient data to do this it is estimated from the Gross Theory of 
/3-decay [Tak73]. This is based on a sum over final states and hence predictions 
are subject to considerable uncertainty, which may be reflected in the final value 
for the proton partial half-life. 
19 
Level assignments are made by comparing experimental partial hall-lives with the 
WKB predictions for protons emitted from the orbitals expected to correspond 
to the proton Fermi-level in the nucleus concerned. The transmission probability, 
and hence the partial half-life prediction, has an exponential dependence on the 
integral over the forbidden region between the two classical turning points. This 
is strongly influenced by the proton energy and orbital angular momentum (see 
figure 2.2). Indeed such is the dependence on the orbital angular momentum that 
a change of one unit in 1 results in a change of about an order of magnitude in 
the hail-life predictions. This far outweighs the difference caused by using optical 
models with different parameter sets, which means that orbital angular momentum 
assignments can be made unambiguously. Furthermore, in nuclei where 1 is well 
defined, measured proton partial half-lives can be used to make a systematic 
comparison of WKB predictions based on different optical potentials (see section 
4.4.2). 
For nuclei with modest prolate deformations such as 1091  and"Cs the WKB 
calculations, being based on a spherically symmetrical potential, fail to give good 
agreement with experiment. However the half-lives of these transitions have been 
successfully reproduced using a more general treatment developed by Bugrov et al. 
[Bug85, Bug86]. This was based on a similar treatment of a-decay [Kad75], which 
takes muitiparticle effects into account. Bugrov extended the technique to include 
a spectroscopic factor for nuclei away from closed shells, enabling the method to 
be applied to proton transitions in deformed nuclei [Bug89]. Measurements of 
proton radioactivity in a region of high prolate deformation would allow a more 
systematic test of the predictive quality of this potentially powerful technique. 
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2.3 The spherical shell model 
The shell model is based on the solution to the time-independent Schrôdinger 
equation for a particle, mass m, moving in a spherically symmetrical field; ie one 
where the potential energy V(r) of the particle is a function only of its radial 
distance r. 
I-+V(r)}Mr) 
= ejcb(r1 	 (2.22) 
n 2 
2m 
The resulting energy levels are the eigenvalues e i associated with the eigenfunction 
solutions O(r) to the equation. The aim then is to find a potential resulting in 
a sequence of orbits which, when filled in accordance with the Pauli principle, 
will reproduce the magic numbers 2, 8, 50, 82, 128 and be consistent with the 
observed binding energies of single particle levels. The average nuclear potential 
is the sum of the two-body interactions between the constituent nucleons, and 
methods such as the Hartree Fock attempt to arrive at a potential in this way. 
However, the level ordering and shell closures can be successfully reproduced with 
a potential such as that described in section 2.2 (see eqn.2.14). This is based 
on a Wood-Saxon nuclear potential (eqn.2.17) with the inclusion of a spin-orbit 
term (eqn.2.21). The resulting level sequence is shown on right of figure 2.3 where 
states are labelled with the quantum numbers n1,. (For comparison the levels 
shown on the left are those produced with an infinite square well potential.) 
As can be seen in the figure, the 197/2 (N = 4) level is lowered so much by the spin 
orbit attractive component that it merges with the N = 3 levels. Similar happens 
for higher N values and major shell closures, giving a substantial energy separation, 
occur at proton or neutron numbers of 2, 8, 20, 50, 82, 128 in agreement with 
experiment. Each j state holds 2j + 1 protons or neutrons. According to the level 
scheme, for a shell model nucleus in the ground state the levels are filled in order 
of increasing energy with the last nucleon at the Fermi-level. The orbital angular 
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As can be seen from figure 2.3, there is a proton subshell closure at Z = 64. In 
the quadrant Z > 64 and N < 82 the structure is determined by the protons in 
the 1h11 1 2 , 351/2 and 2d31 2  orbitals, and by neutron holes in the 351/2,  2d313 and 
1h11 12  orbitals. The level schemes in this region have been investigated using /3, 
/3-p and 'y spectroscopy (see [Ho193] for references) and for the low lying levels 
some common properties exist: The odd-proton even-neutron nuclei have irh11 12 , 
seniority 3 levels ending in 27/2 -  isomers at about 2.8MeV, with additional spin 
states (78112 and 7rd 31 2 ) close in energy to the 7rhI3  state. The odd-odd nuclei 
have two states close in energy; a low spin positive parity state formed by the 
coupling of 51/2  or d31 3  protons with neutron holes and a high spin negative parity 
state formed by an h 11 13 and 1'2  or d31 2  neutron hole. Additionally, at energies 
of 700keV, a 10 /3-emitting isomer can be formed by the coupling of an h 11 1 2 
proton with an h11 1 2  neutron hole. Above N = 82 the relevant neutron orbitals 
are f7, 2 and h91 2 . For odd-odd nuclides two states close in energy are known; 
[1rd31 2vf 7, 2]2 and [7rhji , 2z.'f7I3]9, although previous measurements have failed 
to establish which is the ground state. 
In general the nuclei close to the N = 82 shell closure are well described by the 
spherical shell model, and the known protons transitions in this region have all 
been assigned to d312 or h11 12  orbitals (See table 1.1). However, further down from 
N = 82, the light rare earth nuclei 128Pm, 132Eu, '-"Tb and 
142 Ho are expected to 
have high prolate deformations (j3 0.4) [Mo188}. For such nuclei, 1 is no longer 
a good quantum number and the spherical shell model is not sufficient to describe 
them. As discussed in section 2.2.1, the model of Bugrov can potentially be used to 
make hail-life calculations and assignments to Nilsson orbitals. However, in order 
to make predictions of deformation and Q-values, a deformation dependent mass 
model is needed. This requirement is fulfilled by the Móller-Nix mass model which 
is described in the following section. 
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2.4 The Molter-Nix mass model 
The Möller-Nix mass model calculates the nuclear energy as a function of shape, 
proton number and neutron number using a combination of a microscopic and 
macroscopic term: 
E(Z, N, shape) = EWIW,.(Z, N, charge) + Emj(Z, N, shape) 	(2.23) 
A description of the MöIler-Nix mass model is given in [Mol8l]. The model used 
for the macroscopic term is based on shape dependent surface and volume energy 
together with several correction terms to account for such effects as pairing energy 
and charge asymmetry. The most recent version [Mol88] has 5 parameters whose 
values are estimated from a least squares adjustment to known nuclear ground-
state masses. The method for calculating the microscopic term Emicr(Z, N, shape) 
is described in detail by Bolsteri et al. [Bo172}. It consists of a shell correction 
term and a pairing correction term: 
Em cr(Z, N, charge) = E.,11(Z, N, shape) + 	N, shape) (2.24) 
The Schrödinger equation is solved for a single nucleon shape-dependent potential 
to calculate single particle levels for protons and neutrons. Once the energies of 
these single particle Nilsson orbitals have been obtained Strutinsky's method is 
used to obtain the shell correction [Str67, Str67a]. This is based on the difference 
between the energy found by integrating over a smooth single particle level density 
and the energy found by summing the energies of all the occupied levels. The 
effect is a smoothing out of the local variations in single particle level density 
particularly around shell closures. The pairing correction E;r considers the short 
range interactions between correlated pairs of nucleons. These have a lowering 
effect on the energy as compared to the that calculated without consideration of 
pairing effects. The BCS approach [Pra73] is used to calculate the energy lowering 
expected for both the actual level distribution and the smoothed level distribution; 
the difference between these two values gives the pairing correction. 
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The free parameters of the model are fixed by applying it to the nuclei whose 
masses are known from experiment. Deformation and mass predictions can then 
be made for all nuclei by minimising the total energy with respect to the defor-
mation parameters /33 and /34. 
2.5 Q-value predictions 
Q9-value predictions are made using the ground state mass predictions of models 
(see eqn.2.2), and are thus dependent on the predictive accuracy of mass mod-
els in the region of the drip-line. All models have a number of free parameters 
which are fixed by reference to the data set of known masses. The best aver-
age fits are produced by models with a large number of free parameters, but 
since the majority of the known masses lie close to stability, these models tend to 
have poor predictive qualities in regions beyond this [11au88]. Models based on 
more fundamental considerations fit the known mass surface less accurately, but 
produce better predictions fax from stability. In the most recent adjustment of 
the Möller-Nix model [Mo188], which has only 5 free parameters, the root mean 
square deviation between calculation and experiment is 0.832MeV for 1539 nuclei 
between 160 and 263106. This is a below average fit but produces good predictions 
dose to the drip-line. 
Another model, which has proved successful for Q.-value predictions, is that of 
Liran and Zeldes [Lir76]. This uses the more fundamental approach of summing 
the strong pairing interactions between nucleons in each major shell. The N and 
Z values are split into separate shell regions each with 5 related parameters and 
within each shell, masses are calculated separately. Additional terms are added to 
model the breaking of nucleon pairs and single nucleon excitations between shells 
and a continuous mass surface is formed by matching across shell boundaries. 






and Zeldes models are shown in figure 2.4. Also shown, for comparison, are the 
predictions from the simple droplet mode of Myers [Mye7O]. The black circles in 
the figure show the measured Q-values for 150 Lu, 161 Lu and data from the 1988 
atomic mass evaluation of Wapstra et aL {Wap88}. These are calculated from 
known mass systematics; only values with an error of < 500keV are included. As 
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Figure 2.4: Calculated Q-values for neutron deficient 71Lu isotopes including the known 
proton transitions ' 50Lu and 151Lu. Other data points are from Wapstra mass systematics, 
restricred to Q-values with an error less than 500keV 
can be seen in the figure, the Myers model produces values which are consistently 
lower than experimental values by up to 800keV. The result is surprising since 
the its predictions agree well with experiment for isotopes in the Ru - Hf region 
[Hof81]. The relative weakness of the odd-even staggering would suggest that the 
model underestimates the strength of the p-n pairing. Both the Môller-Nix and 
Liran-Zeldes predictions are consistent with the data although, due to the relative 
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difference in the odd-even values, the two models only agree closely for the odd N 
isotopes. The inclusion of a revised treatment of the p-n pairing interaction in the 
1988 version of the Moller Nix calculation tends to over exaggerate the odd-even 
staggering. 
As discussed above, Q v-value predictions together with barrier penetration calcu-
lations are used to determine which nuclei might be expected to have a measurable 
proton branch. From Q 9-value predictions it is clear that the odd-Z nuclei, where 
the last proton is unpaired, are much better candidates than the even-Z nuclei, 
in which the protons are more strongly bound. This is reflected in the predicted 
position of the proton drip-line (see figure 1.1), which shows considerable odd-
even staggering. Below Z40 predicted proton hail-lives are less than lts, and 
above N82 predictions are difficult to make due to competition from a-decay. 
Also, access to the drip-line beyond N82 is restricted since evaporation channels 
are in competition with fission. The majority of nuclides which are expected to 
have measurable proton decay branches are between Z = 50 and Z = 75 and most 
search experiments have focussed on this region, searching as far from stability as 
was feasible with current techniques (see chapter 1). 
The experiments described here used the recently developed RIDS technique to 
search for proton radioactivity in odd-Z nuclei between Z = 61 and Z = 73. This 
experimental technique is described in the following chapter and the results of 
the search experiments are discussed, within the context of the models outlined 




The experiments were carried out at the Nuclear Structure Facility (NSF), Dares-
bury, Warrington, England using a Residue Implantation Detection System (RIDS) 
based around the Daresbury Recoil Mass Separator. In this system a fusion evap-
oration reaction takes place upstream of the recoil separator and the required 
reaction products are separated from beam particles in-flight. A mass focussed 
image is produced at the separator's focal plane where the evaporation residues 
are implanted into a double-sided silicon strip detector. The detector is sensitive 
both to implanted ions (recoils) and to any subsequent proton or a-decays and 
the two dimensional position resolution allows efficient identification of correlated 
parent daughter events. This, together with a custom built instrumentation sys-
tem incorporating multiplexing and fast overload recovery, provides the means of 
measuring proton decays with cross-sections < ljLb and hail-lives down to '1is. ev 
3.1 Residue Implantation Detection System (RIDS) 
The RIDS system is shown in figure 3.1. There are three elements; the target 
chamber, in which the fusion evaporation reactions take place; the recoil separator 
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Strip Detector System 
and the detection system. These elements, and the use of the system as a whole, 
are described in detail in the following sections. 
Targel 
ambar 




Figure 3.1: RIDS system incorporating target chamber, recoil separator and detection system. 
3.1.1 Accessing the proton drip-line 
In RIDS experiments access to the proton drip-line is achieved with fusion evap-
oration reactions using proton rich stable beam and target combinations. These 
take place in a target chamber situated 10cm upstream of the entrance to the 
recoil separator. For neutron deficient nuclei around Z = 70 the 1p3n yield is 
expected to peak at a compound nucleus excitation energy of 60 - 65MeV. In 
each case a value in this range was used as a starting point and resulted in a satis-
factory yield and mass distribution without the need for further energy scanning. 
The required centre of target energy was calculated from the compound nucleus 
excitation energy and the reaction kinematics, and the primary beam energy was 
found by compensating for the energy lost by the projectiles in the first half of 
the target material and in any backing material. Choice of target thickness was 
based on a compromise: A thicker target gives a higher yield but increases the 
amount of multiple scattering and produces a greater spread in the energy range 
of residues entering the recoil separator, thereby increasing the proportion which 
are rejected by the velocity filter. Decreasing the target thickness has the op-
posite effect. The optimum value varied depending on the reaction, but tended 
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to be around 400 - 1000 /Lgcm 2 . Choice of target thickness was also restricted 
by the physical stability of the material and range of dimensions in which it was 
available. 
In fusion evaporation reactions the emission of Auger electrons can reduce the 
proportion of evaporation residues having the ionic charge state for which the 
recoil separator is set up. If the yield is seriously depleted a charge resetting 
foil can be introduced immediately downstream of the target. This replaces the 
electrons and readjusts the charge state distribution. 
3.1.2 Recoil separator 
The recoil separator performs in-flight mass separation of evaporation residues, 
providing a mass dispersed image on the strip detector at the focal plane. Time of 
flight through the separator is ri11s and, depending on the reaction, overall trans-
mission efficiency is r3%. A schematic illustration of the components is shown in 
fig 3. 1, and full details of performance and operation are given by A.N.James et al 
[Jam88]. In the separation section two crossed field devices (Wien Filters) select 
nuclei according to their velocity; the intense flux of higher velocity beam parti-
cles is diverted onto a steel plate in the first of these. The beam rejection factor 
depends on the reaction kinematics and the difference between beam particle and 
recoil velocities, but is always greater than 108.  A 50° sector magnet disperses nu-
clei horizontally in relation to their mass/ionic charge state ratio ('IQ), providing 
a typical mass resolution of A/iA 's 250 at A 146. With the separator's Ai 
acceptance of ±1.2% this focuses about four mass groups, each of FWUM '-'3mm 
across the 15mm width of the detector. The height of the image has a FWHM 
of approximately 10mm. A typical distribution is shown in figure 3.2. The recoil 
separator is run by a dedicated mini computer using a control program (LXIO) 
which calculates the eighteen required field strengths and ensures that they are 
maintained during operation; these settings are calculated on the basis of the AIQ 
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and V1  values for the reaction, which are entered by the user. The total yield in 
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Figure 3.2: Distribution of implantation events in detector set up for A=156, the main group 
seen on the plot. 
any evaporation channel is spread across a range of ionic charge states. A com-
puter program (RECSET) selects, using systematics, the charge state with the 
highest yield and calculates the appropriate A/Q and V/ settings. An 
Ai  scan of 
charge states in this region is carried out to find the value which maximises the 
ratio of recoil implantations to beam background. In particular, the proportion of 
beam particles reaching the detector increases when A/Q for recoils is coincident 
with A/Q  for beam particles and such charge states need to be avoided in order to 
minimise the number of unwanted triggers and to reduce the radiation damage to 
the detector. 
In reactions where a's are produced, identification of mass groups is carried out 
by examining the horizontal distribution of known a-transitions occurring in the 
detector. This is illustrated in figure 3.3. In other cases, the mass groups are 
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identified by examining the distribution of implantation events in the detector 
(see figure 3.2). Once identified, the mass group(s) of interest can be steered 
onto the desired portion of the detector, horizontal adjustments being made by 
small alterations to the A/Q  setting on the separator control program, and vertical 
adjustments from the steering at the beam console. A further control parameter 
VECTOR2 can be used to move the separator's focal plane up or down the beam 
axis to ensure that it is coincident with the plane of the detector. 
A=154 	A=155 	A=156 
5 10 15 20 25 30 35 40 4 
strip NLrnber 
Figure 3.3: Identification of mass groups A=154,155,156 from the horizontal position of 
known a-transitions in the detector. 
3.1.3 Detection system 
Figure 3.4 shows the detectors. The heart of the system is a double-sided strip 
detector which provides signals for both implanted recoil events and subsequent 
proton or cs-decays. Its use in Nuclear Physics has been pioneered by the Edin- 
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burgh Group, and it is described in some detail in the section 3.1.4. The Carbon 
Foil detector [Con82} functions as a tagging device for evaporation residues (and 
stray beam particles) and provides a veto to prevent low energy recoils ( 10MeV 
in this work) being interpreted as decay events from nuclei already implanted 
in the strip detector. Heavy ions passing through the foil generate secondary 
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Figure 3.4: Schematic diagram of detection system 
electrons which are detected by a microchannel plate and position sensitive an-
ode combination which provides energy and position signals with an efficiency of 
> 99%. The PIPS (Passivated, Implanted, Planar Silicon) detector measures the 
energy of beta-delayed protons, X-rays and low energy gamma rays, while higher 
energy gamma and X-rays are captured by the germanium detector outside the 
chamber. Coincidences between these detectors and the strip detector are used 
to distinguish between 8-delayed protons and directly emitted protons. Both the 
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PIPS and the strip detector are housed in a mount attached to the inside of the 
vacuum chamber flange by insulating bolts (see figure 3.5). 
Figure 3.5: Photograph showing the strip detector mounted on the flange plate. Also seen 
are the cables from the PIPS detector (beneath the strip detector) and the temperature probe. 
The braided wire clamped to the detector mount provides a heat conducting link to the cooling 
system. 
Cooling is provided by a cold finger immersed in liquid nitrogen outside the cham-
ber, and is conducted to the mount via a braided cable. Lowering the temperature 
helps reduce the leakage current and improves the resolution of silicon detectors. 
Between the Carbon Foil and the strip detector is a wheel containing a selection 
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of aluminium degrading foils; these reduce the energy of the recoils in order to 
prevent excessive overloading of the decay amplifiers. Typical foil used were 200 
- 1200g thick resulting in energy losses of 17 - 75MeV for 80MeV nuclei with 
A-156. The pentagonal collimators surrounding the foils allow part of the image 
masked off by adjusting the wheel position from outwith the chamber; this is a 
simple but effective way of limiting radiation damage on a particular area of the 
detector. A 241 Am cr-source is also housed in one of the wheel positions and can 
be easily moved in and out of position for energy calibrations and gain matching 
of the strip detector. 
3.1.4 Strip detector 
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Figure 3.6: Double-sided strip detector 
The detectors used in the experiments were double-sided, ion-implanted, oxide-
passivated silicon strip detectors (type PP) produced by Micron Semiconductors 
Ltd. (Lancing, England). The term double-sided in the description relates to 
the fact that the silicon has p implanted strips on one face and n implanted 
strips running orthogonally on the opposite face. Charge can be collected from 
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both faces and 2D position resolution is determined by the strip width; a region 
where two strips cross constitutes a pixel which can be referenced by its x and 
y coordinates. A schematic illustration is shown in fig-are 3.6. Typically the im-
plantation depth of evaporation residues is '-'12jm and decays occur isotropically 
in the silicon with ranges of #.17im (for 1MeV protons). To ensure that the 
majority of a and proton events deposit their energy within a single pixel, the 
strip width must be considerably greater than the range of the particles being 
detected. However, as the strip width (or pixel size) increases there is a loss of 
efficiency in correlating decays with parent nuclei and a corresponding increase 
in background. All RIDS experiments have used detectors with 48x3OOm strips 
at a pitch of 335im on both faces, providing an active area of 15xl5mm which 
covers at least thee focussed mass groups. This has given good recoil - decay cor-
relation efficiency whilst keeping the number of instrumentation channels down 
to an acceptable level. Detector depth must be high enough to ensure that any 
protons or a's within the desired energy range do not escape though the back, but 
low enough to render it virtually transparent too-decays which can form an in-
tense background. (1MeV /3's have a range of s100014m in silicon.) The detectors 
used in the experiments discussed here had a depth of '601m: This also ensured 
that any longer range decays (such /3-delayed protons) depositing their full energy 
within the detector would be likely to traverse more than one pixel and could 
thus be identified in software. To minimise charge recombination the detectors 
are overbiased by a factor of 2.5 (Vbc —25V for those used in the experiments 
described here) which, with cooling, gives a resolution < 30keV on an undamaged 
device. However, radiation damage from heavy ions causes an increase in leakage 
current and progressive loss of resolution. Generally a detector is replaced when 
its resolution has degraded to about 50keV and its lifetime can be anything from a 
few hours up to several days depending on the reaction rates and background from 
beam. Detectors are expensive and it is important to prolong their life as much 
as possible. To this end, a detailed study of radiation damage was undertaken. 
The results of this investigation are described in the section 3.1.5. 
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3.1.5 Radiation damage 
A series of experiments was carried out to investigate the behaviour of double-
sided strip detectors under irradiation from heavy ions such as those produced in 
RIDS experiments. Previous estimates of the dose at which serious performance 
degradation occurs are in the region of 3 x 108  ions mm-' (for fission fragments) 
[Shi69}. This loss of performance is dominated by two mechanisms: 
• Breakdown of interstrip resistance caused by energy being deposited in the 
resistive barrier between strips and resulting in incomplete charge collection 
and loss of position resolution due to two or more adjacent strips registering 
hits for an event. 
• Production of Frenkel Defects [Shi69]. These occur when an implanted heavy 
ion displaces a silicon atom from the crystal lattice, leaving two atoms (the 
implanted ion and the silicon) in interstitial positions where they act as 
charge trapping centres and increase the chance of electron-hole pairs re-
combining before being swept out by the field. 
The aim was to damage the detector systematically with a view to discovering 
the optimum conditions for its use in RIDS experiments where a knowledge of the 
relationship between accumulated dose and energy and position resolution for a's 
and protons is important. An indication was also sought as to whether it would 
be better to implant into the p or n face of the detector. 
The investigations were carried out using a 252 Cf source which produces character-
istic 6.1MeV a's (97% branch) and fission fragments ('3% branch). The fission 
fragments were used to cause damage analogous to that produced by evaporation 
residues used in RIDS experiments (figure 3.7 shows the energy spectrum) and 
the effect of the damage was monitored by detecting the a's. For each experiment 
a small (4 x 4 strip) area of the detector was irradiated at a rate of 27x 10 
37 
fragments mm- 2  hr', taking 8-10 days to produce a dose of 6x106 fragments 
mm-2 
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Figure 3.7: Fission fragment spectrum for 252 Cf 
Figure 3.8 shows the proportional increase in the FWHM and the energy loss from 
the peak centroid with dose (averaged over the 4 strips) for radiation incident on 
each face. As expected, for both faces there was a progressive loss of resolution 
and reduction in charge collection, almost certainly caused by the production of 
Frenkel Defects. On the basis of these results, the performance deteriorated more 
rapidly for radiation incident on the p face of the detector and it seemed that the 
longevity of the detector could be maximised by implanting into the n surface. 
Allowing an acceptable maximum of 50keV FWHM (as compared to '30keV on 
an undamaged detector) this indicated that RIDS experiments could be run with 
radiation incident on the n+  face until a dose of -8x10' fragments mm-' had 
accumulated. 
However, it was important to ensure that the interstrip resistance held up ade-
quately to this level of radiation. The multiplicity (ie number of strips firing per 
event) gives a good indication of this. Most events (.- 90%) should have multi- 
a) Irradiation of p+ face (FWHM) b) Irradiation of n+ face (FWHM) 
C) Irradiation of pi. face (centroid) d) Irradiation of n+ face (centroid) 
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• Measurements made on n+ face 
,C> Measurements made on p+ face 
Figure 3.8: Graphs a) and b) show the proportional increase in FWHM with accumulated 
radiation dose for irradiation of each face. Graphs c) and d) show the corresponding energy 
loss calculated from the downward shift in the peak centroid 
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plicity = 1 on both faces, but a proportion occur in the interstrip region causing 
charge to be collected by two adjacent strips and yielding multiplicity = 2. There 
should be very few events with multiplicity greater than 2. Table 3.1 shows the 
proportion of events with multiplicity 1 and 2 for each of the faces before and 
after irradiation. 
a) Strip multiplicity for irradiation of p face 	1 
Accumulated 	% of events with statedmultiplicity (±0.5%) 
Dose 	 + face 	 p+ face 
(fragments mm) mult = 1 mult = 2 mult = 1 mult = 2 
0 	 86.3 	12.6 	92.9 	5.2 
6x106 	 88.0 	12.0 	94.0 	5.6 




% of events with statedmultiplicity (±0.5%) 
+ face p+ face 











Table 3.1: Proportion of m ultiplicity I and 2 events for irradiation of each face of the detector. 
In both cases, on the undamaged detector, the number of multiplicity = 2 events 
was greater on the back face (ie that which was not irradiated) reflecting the 
fact that the implantation depth was about 25gm, allowing the charge 751am to 
spread out before being collected. For p face irradiation the proportion of events 
with multiplicity 1 and 2 did not significantly change after radiation damage. 
However, for irradiation of the n+ face there was an increase of a factor of 
in the proportion- of multiplicity = 2 events, indicating that some breakdown of 
interstrip resistance may have been occurring. To investigate this further, a new 
area of the detector was damaged by irradiating the n+  face. Figure 3.9 shows 
the proportion of multiplicity 1-4 events with increasing dose on this area. 
This shows very clearly the breakdown of the interstrip resistance. After a dose 
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Figure 3.9: Breakdown of interstrip resistance illustrated by the rapid drop in the proportion 
of multilplicity = 1 events 
almost all events shared charge between 2,3 or even 4 strips. The dose required 
to cause this level of damage clearly varied from one region of the detector to an-
other depending on the local quality of the of the p implantation which provides 
the strip isolation on the n+ face. At any rate, such a catastrophic breakdown 
would render the detector unusable in any RIDS type experiment. The interstrip 
resistance on the p+  face is provided by the surface silicon dioxide and seems to 
be more resilient. It is therefore more reliable to implant into this face which, 
on the basis of the data described above, was predicted to degrade to an a-line 
FWHM of 50keV at a dose of '6x 10 6 implants mm'. This figure was, of course, 
an approximate starting point and may have be over-optimistic for the following 
regions: The radiation damage from implanted ions is more localised than that 
from fission fragments, which have a much wider range of masses and energies, 
hence the problem of charge recombination may be greater than anticipated. In 
RIDS experiments the rate of implantation is greater by a factor of 10, which 
may also lead to a faster deterioration than predicted since no attempt was made 
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to account for any self-annealing taking place within the detector. 
In all RIDS experiments the evaporation residues were implanted into the p+  face 
of the detector, and a decision on when to change to a new detector was made by 
regularly measuring the resolution. 
As part of a series of investigations carried out for Micron Semiconductor Ltd. 
(The PhD CASE award sponsors), the radiation damage tests were extended to 
consider the effect of damage on measurement of heavy ions. A report on this 
aspect of the work is included as Appendix A. 
3.2 Electronics and data acquisition 
3.2.1 Overview 
A functional diagram is shown in figure 3.10. Event identification is carried out 
by the strip detector electronics and the appropriate trigger is sent to the EMU 
(Edinburgh Multiplexer Unit). The EMU controls the data acquisition system 
and ensures that only the CAMAC channels and ADC's relevant to the event 
type (recoil or decay) are read. Furthermore, if two different event types occur in 
rapid succession, the EMU freezes the readings on the CAMAC units and ADC's 
related to the second event until the system has completely processed the first 
event. This provides sensitivity down to <1.5js recoil - decay time difference; 
the limit being the width of the VETO signal. However, in practice few events 
are seen at times < 6is which is due to the base line recovery time for the decay 
amps after processing a higher energy recoil event. A more detailed discussion of 
the electronics is the following sections. 
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Figure 3.10: Block Diagram of Electronics and Data Acquisition 
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3.2.2 Preamplifiers 
All preamps were located in the experimental area as close as possible to the 
detectors. The PIPS, carbon foil and germanium detectors fed into standard, 
single channel preamplifier units whose energy outputs were taken directly to the 
electronics in the control room, and the strip detector signals were fed to a custom 
built board mounted on the outside of vacuum chamber flange. This unit contains 
contains 96 preamplifier modules which were designed by the Edinburgh group 
and the Rutherford Appleton Laboratory (RAL) specifically for strip detector 
applications. Figure 3.11 shows a photograph of the flange and preamplifier board, 
and the performance characteristics and construction details are described by 
Sellin [Se192b]. The output signals from the preamplifiers were carried to the 
control room on sheathed ribbon cables (6 x 16) where they were split and sent 
to two sets of 96 shaping amplifiers; one to handle recoil enents and the other for 
decays. 
3.2.3 Shaping amplifiers 
The shaping amplifiers modules were also designed by Edinburgh/RAL [Tho90]. 
A single module contains eight high density cards each bearing a shaping amplifier 
and discriminator circuit, and each with its own pole-zero and offset adjustment. 
Shaping times are preset at 0.5is; the common discriminator thresholds are deter-
mined by a single potentiometer and the gains are set by selecting the appropriate 
feedback resistor chip. Analogue and logic outputs are provided on sets of 8x2 
pins for connection to ribbon cables. In this type of experiment each signal from 
the preamplifier is split and fed to two different shaping amplifiers; one with high 
gain (0-20MeV) to process decay events, and one with low gain (0-200MeV) to 
process recoil events. Hence, a total of twenty-four modules were required. The 
discriminator levels were set at 600keV and 10MeV for decays and recoils respec-
tively ensuring that any event in the range 0.6-10MeV was interpreted as a decay 
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unless vetoed by the carbon foil signal. This encompassed energy predictions for 
Figure 3.11: Photograph showing the preamplifier board mounted on the back of the vacuum 
chamber flange. 
any protons or cr's likely to be produced in the reactions. The lower level was set 
to keep the number of spurious triggers from pickup (or betas) to a minimum. All 
events over 10MeV were interpreted as recoils. 
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3.2.4 Recoil electronics 
Figure 3.12 shows a block diagram of the recoil electronics, together with a timing 
diagram for the various output signals. High energy resolution was not required 
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Figure 3.12: Block diagram of recoil electronics 
for recoil events, therefore the analogue outputs from the shaping amps were 
combined using two 48-way mixer boards and only two energy signals (front and 
back) were fed to ADC's. The OR of the 96 shaping amplifier logic outputs was 
used to generate the Recoil Trigger, whilst the individual signals were delayed 
and fed to the MALUs (Majority Logic Units) which recorded the position of the 
ER 
event. The discriminator levels on the recoil shaping amplifiers were set to 10MeV 
which ensured that decay events did not produce recoil triggers. Any events over 
10MeV were considered to be non-decay,  events and a veto signal was produced to 
prevent a decay trigger being issued. 
3.2.5 Decay electronics 
Figure 3.13 shows a block diagram of the decay electronics, together with a timing 
diagram for the various output signals. It was essential to have the best possi- 
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Figure 3.13: Block diagram of decay electronics 
ble energy resolution for decay events, therefore the analogue outputs from the 
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shaping amps were read into 96 separate ADC channels; one for each strip. These 
were later gain matched and calibrated in software. The decay trigger was derived 
from the OR of the logic signals relating to the front and back of the detector. A 
coincidence unit gave the option of using an AND or an OR condition between 
the separate faces, and allowed the trigger to be vetoed by the foil or recoil elec-
tronics. The position information for decay events was recovered from the ADC 
hit pattern. 
3.2.6 Clock electronics 
In RIDS experiments half-lives are calculated using the time difference between 
each relevant decay event and the most recent recoil event on the same detector 
pixel. Every event must therefore have a time associated with it. A resolution 
of lis was required to give the sensitivity demanded by the rest of the system, 
which was capable of detecting half-lives down to a few microseconds. To provide 
this a 1MHz crystal oscillator was used to increment a 32 bit scaler. The output 
from the scaler was in the form of two 16 bit words, each of which was sent to a 
pair of pattern registers; one for recoils and one for decays. When a trigger was 
produced, the appropriate set of pattern registers was read by CAMAC. 
3.2.7 Data acquisition system 
The data acquisition system was based around the Daresbury Charissa Event 
Manager which reads experimental parameters and writes them to tape in chrono-
logical, event-by-event sequence. Analogue signals are fed to Silena S4418V ADC's 
and, after being digitised, are read in sequence along a FERA (Fast Encoding and 
Readout ADO) data bus chained between all the ADC's. Two separate FERA 
control busses address the separate groups of ADC's (ie decay and recoil), the 
appropriate bus being switched through to the Event Controller by the EMU 
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(Edinburgh Multiplexer Unit) on receipt of a trigger pulse. All other signals (hit 
pattern and clock words) are digital and are read from CAMAC units, where 
those units specific to each event type are switched in or out on the trigger panel 
with read signals generated by the EMU. The multiplexing eliminates front end 
dead time by allowing separate groups of ADC and CAMAC units to be associ-
ated with each trigger type (recoil and decay), and the problem of dead time at 
the readout stage (ie when the acquisition system is reading ADC and CAMAC 
units) is handled by trigger queueing within the EMU. This is best illustrated by 
a description of the sequence of events which occurs when the EMU receives (for 
example) a decay trigger: 
• The trigger is only processed if all the data from the previous decay trigger 
has been read and the ADC's and CAMAC units cleared. Otherwise it is 
ignored. 
• A gate is sent from the EMU, via the FERA control bus, to the decay ADC's 
causing them to convert and hold their input data. CAMAC modules are 
also strobed by a gate from the rear of EMU. 
• When the previous read has finished, the EMU switches the decay FERA 
control bus to the Event Controller and sends a decay read signal to the 
trigger panel. 
• A gate is sent from the EMU to the Event Controller which reads the selected 
CAMAC channels into its internal memory and reads the decay ADC words 
into a Data Stack. 
• An event block is built up containing; the header word constructed by the 
Event Controller; zero- suppressed data from the ADC's and the CAMAC 
data words. This is stored in an output buffer and the ADC's and CAMAC 
units are cleared ready for the next event. 
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Event blocks are sent sequentially to the current output buffer until it is filled to 
a predetermined level (Highwatermark) at which point the data is directed to an 
alternative buffer while the contents of the filled buffer are sent down the CAMAC 
link to the A-Machine (A GEC 4490 computer). This deals with tape storage of 
event by event data. A fraction of the data (the sort fraction) is processed by a sort 
machine (also a GEC 4490) which allows some real-time analysis and feedback. 
A discussion of the sort software is given in section 3.4.1. 
3.3 Setting up and running the experiments 
Prior to running an experiment the a-source was positioned in front of the de-
tector; the data acquisition system was set running and the hit-pattern on the 
detector was examined to ensure that all strips were operating efficiently. Based 
on the pulse height from the 5.48MeV ""Am a-decays, gain values for the 96 
individual strips were calculated and installed in the online software. 
The recoil separator was set up as described in section 3.1.2 using a low beam 
current (r'lpnA) to minimise radiation damage. In theory, the process of identi-
fying and positioning the required mass group is straightforward, but in practice 
it can be time consuming; much depends on the particular reaction and the yield 
of identifiable decay particles. During this time the data processing system gets 
its first taste of real recoil events, rather than those simulated by a pulser. The 
response of the decay amplifiers is critical and considerable care was taken adjust-
ing the pole-zero settings on all 96 channels to ensure that the baseline recovery 
time was as short as possible. Furthermore, the dynamic range is -s  20MeV which 
means that the signals from implantation events overload the decay amplifiers. 
If the overload factor is > 4 (ie 80MeV signals) a pedestal occurs in the ampli-
fier output rendering it insensitive to decays events for up to 200s. To prevent 
this, the energy of the recoils entering the detector is reduced by positioning a 
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degrader foil (housed on the collimator wheel) in front of the detector. Choice of 
foil thickness is critical: too high a recoil energy produces an unacceptable over-
load recovery time, and too low an energy results in a proportion of recoils being 
interpreted as decays. It is also desirable to implant the recoils into the detector 
with as high an energy as possible to minimise the proportion of protons and a's 
which escape though the front face of the detector without depositing their full 
energy. A compromise was reached by examining the amplifier outputs with a 
variety of foils in place. The optimum energy for implantation events is 35MeV. 
Once it had been confirmed that the recoil separator and detection system were set 
up correctly the collimator wheel was adjusted to mask a portion of the detector 
and the required mass groups were steered onto the unmasked area. This limited 
radiation damage and prolonged the useful life of the detector. The beam current 
was then increased to its maximum usable intensity. From the point of view of 
the data acquisition system an implantation rate of up to 5kHz could be handled 
without any significant dead time resulting. However for certain targets (eg. 
106Cd) the physical stability of the target material determined the maximum beam 
intensity (.s# 5pnA for '°°Cd). 
Several aspects of the experiment were monitored in hardware; these included 
beam current, trigger rates and radiation dose on the detector. The ratio of re-
coil/decay triggers was particularly important since it indicated any deterioration 
of the target. To give further feedback a proportion of the events were also sorted 
into online spectra. The fraction sorted depended on the trigger rate and the 
complexity of the software. Hence, to prevent this dropping to an unacceptably 
low level (< 10%), the software was kept as simple as possible. Specifically, no 
correlation between events on the same pixel was attempted since this is too time 
consuming. Rather, the program provided essential diagnostic spectra to ensure 
that the system was running correctly, and a range of mass and time gated energy 
spectra to allow for the identification of any transitions which were strong enough 
to rise above background. As soon as enough data had been gathered more sophis- 
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ticated analysis was carried out offline. This incorporated correlations between 
recoils, decays (and second generation decays if possible) and gave rapid feedback 
on the emergence of any new transitions. A description of spectra and sorting 
techniques is give in section 3.4. 
3.4 Data analysis techniques 
3.4.1 Data sorting software 
The main features of the sort software are described below and a flowchart giving 
a more detailed description is included as Appendix 2. 
The first stage of the software was designed to monitor the performance of the 
detector, electronics and data acquisition system. 'When the system is set up cor-
rectly, the majority (ie > 90% ) of events should register a hit on only one strip 
on each face of the detector. Furthermore the recoil and decay hit patterns should 
form a smooth continuum reflecting the distribution of events at the focal plane. 
Any gaps or discontinuities give an indication of inefficient strips or instrumenta-
tion channels. To give rapid feedback on this, strip multiplicity and hit pattern 
spectra were incremented. Figures 3.14a and 3.14b show typical hit patterns for 
decay events. The vertical pattern shows three mass groups focussed across the 
detector and the horizontal pattern shows the distribution of events in the vertical 
plane. (A typical two dimensional recoil hit pattern is shown in figure 3.2) Hit 
pattern spectra for each of the pattern registers were also incremented to ensure 
that all 32 bits of the clock signal were present. 
For both recoil and decay events, only those which registered a single hit on 
each face of the detector were accepted. Additionally, for decays events to be 
considered acceptable the energies from the front and back face of the detector 
had to be approximately equal, with the allowable energy difference being decided 
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Figure 3.14: Examples of diagnostic spectra Both the spectra shown are used to monitor 
resolution, detector damage and quality of gain-matching. The peak in the lower spectrum is 
used to decide the maximum allowable energy difference between faces for a good event. 
where an acceptance window of ±40keV was used; this included over 90% of all 
events. The width of the peak in this spectrum is also a useful monitor of detector 
quality and can give an indication of loss of performance due to radiation damage. 
For events within this window the decay energy was taken as the average of the 
front and back signals. 
The remaining stages of the software were set up to measure proton and a- 
53 
transitions and assign them to specific mass groups. For each decay event, the 
time since the most recent implantation event on the same pixel was calculated 
and a range of energy spectra were incremented using a combination of mass and 
time gates. Figure 3.15 shows how the use of mass and time gates can reduce 
the background and lead to the identification of a known proton transition. A 2D 
spectrum of decay energy vs. horizontal position was also incremented (see figure 
3. 3). This provided an effective way of identifying mass groups from known a-
transitions and selecting the limits for mass gates. It could also be used to relate 
any new transitions to a particular mass region. 
For each reaction a range of more specific spectra were added. These included 
energy gated spectra to search for parent-daughter sequences and time difference 
spectra gated on energy peaks (to measure half-lives). More detailed descriptions 
of the gates and spectra used for each reaction are given in chapter 4 (Results) as 
appropriate. 
3.4.2 Presorting 
Sorting through the entire data set for a reaction was a time consuming process 
(about 1 week using a GEC 4190 mainframe computer) and it was desirable to 
have more immediate feedback on the result of any changes made to parameters 
and gates. No presorting technique had been developed prior to this work. Hence, 
with the aim of improving efficiency, some new software was devised to produce 
and sort a reduced data set. This involved the addition of a short routine to 
the standard sort code where, for each decay event, a record was written to a 
disc file. The record consisted of the x,y pixel coordinates, the decay energy and 
the times since the most recent decay and recoil events on the same pixel. This 
resulted in a file of decay events for each data tape. These files could then be 
further separated into a sequence of 48 secondary files, each containing data for 
one vertical strip on the detector. Mass gates were efficiently implemented by 
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Figure 3.15: Figures a) and b) are examples of search spectra from online sorting, and figure 
c) shows the further reduction in background which is possible with pixel correlated time gating. 
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sorting only those flies relating to the desired mass region of the detector and the 
analysis could be carried out with a short and easily adaptable routine. A simple 
pixel by pixel approach could be used, where all the events on one pixel could 
be loaded, in sequence, into an array. Then, with the entire decay event history 
of the pixel available, searches backward and forward in time could be made to 
pick out parent - daughter sequences. Spectra could be written directly in this 
way but, more importantly, a reduced data set could be produced containing only 
events of interest. For example, a subset of events in the 1-2MeV range could be 
searched for, with the further proviso that each event had a recoil - decay time 
of less than (say) is and was followed by a known a-transition within a specified 
time. Such a subset could be sorted into spectra in tens of seconds, allowing a 
range of mass, energy and time gates to be tested very efficiently. 
3.4.3 Energy calibration and measurement 
Energy calibration was carried out using known transitions in the decay spectra. 
In all cases where new proton lines were discovered it was possible to make mea-
surements relative to 147Tm (E = 1051±3keV). The dispersion (keV per channel) 
was found from the position in the spectra of the 147Tm proton line and a-lines 
in the range 4 - 6MeV. 
The energy measured from the peak centroid (E), is the sum of the proton en-
ergy and the energy of the recoiling nucleus. The true proton energy E 9 is therefore 
found by subtracting the recoil energy from the measured energy after applying 
the appropriate pulse height deficit correction to each [Hof89]; E = - 
The Q-value is found by summing the proton and recoil energies; Q = E 1, + E,, 
where E, is the true recoil energy (ie without correction for pulse height deficit). 
The Q,-value used for barrier penetration calculations incorporates the elec-
tron screening correction E. to include the difference in electron binding energies 
of parent and daughter atoms; Qp,nuc = Q, + E 1 [11of89]. 
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3.4.4 Measurement of half-life 
For each decay event in the peak of interest, the time elapsed since the most recent 
implantation event on the same pixel was recorded. Using this information a graph 
of ln(count rate) against time was produced and an initial half-life measurement 
made by applying least squares fit straight line to the data. With this method 
each data point contains the number of counts in a specified time interval, the 
length of which depends on the number of events and the initial estimate of the 
hall-life [Gra65]. The values produced by the straight line fit were found to be 
most consistent by using time intervals which were below half of the estimated 
hall-life and plotting up to times of 5 half-lives. This is illustrated in figure 3,16 
where the fit yields a half-life of 185.8±0.5ms for the 5568keV a-transition from 
' 56
Lu, which is a substantial improvement on the half-life of 180±20ms measured 
by Hofmann [Hof8l]. 
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Figure 3.16: Graph of ln(Count Rate) against time for ' 56Lu. 
The hail-life obtained in this way can be thought of as the result of two compet-
ing decay branches: one for decays correlated with their parent nuclei and one 






Figure 3.17 shows this effect. To obtain an accurate value for the half-life of this 
competing branch, the time to the last recoil on a pixel two units above the de-
cay pixel was recorded. This was done for each decay event in the peak and a 
random half-life was measured as described above. A correction for the random 
















Figure 3.17: a) Graph of count rate against time for 147Tm proton decays correlated with 
the most recent implantation on the same pixel. b) Graph of count rate against time for ' 4TTm 
proton decays correlated with randoms events; for a decays in pixel(x,y) times are measured 
relative to the most recent implantation in pixel (x,y+2). 
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For peaks with very few counts (ie < 20) the measured half-life was calculated 
using the mean of all recorded decay times (the maximum likelihood estimate 
[Sch84]), and the random background half-life estimated from the recoil rate in 
the relevant part of the detector. 
3.4.5 Measurement of cross-sections 
Cross-sections for proton transitions were calculated as follows: 
YA 	
xO.267 a.? 
= IbtbE r PFpFa1Fcz3 
Where: 
a.,, 	Proton cross-section (jib) 
A 	Mass of target nucleus (amu) 
YP 	Number of events in proton peak 
I Average beam current (pnA) 
tb 	Beam time (s) 
P 	Target thickness (mgcm 2 ) 
Recoil Separator efficiency factor 
F,, 	Factor to account for escape protons which do not appear in the peak 
0.267 	Conversion to units of jib 
F.1 ,F.2  These factors are included if a proton transition has been identified 
by detecting a correlated alpha: Fai accounts for escaped alphas 
and Fa2 accounts for the branching ration of the alpha transition. 
In situations where no proton transition was identified an estimate was made, 
based on the background level, of how many events would be required to identify 
unambiguously a proton peak in the characteristic energy region of the spectrum 
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(-_ 0.7 - 1.5MeV). In this way an upper limit for the production cross-section 
could be estimated. 
It should be pointed out that, due to uncertainty in several factors (notably recoil 
separator efficiency) the calculated cross-sections are approximate. 
3.5 Summary 
The experimental technique was based on the RIDS system developed by the 
Edindurgh Nuclear Structure group to search for proton radioactivity. This takes 
advantage of the fast in-flight mass separation of the Daresbury Recoil Separator 
and the 2D position resolution of a double-sided strip detector. When set up as de-
scribed here the system is capable of measuring proton decays with sub-inicrobarn 
cross-sections and half-lives as short as 1js and has opened up the field to a new 
range of proton radioactivity search experiments which were previously inaccessi-
ble. After initial success in repeating existing measurements, the focus of RIDS 
experiments was directed to proton emitting candidates which could be produced 
via 1p3n channel of fusion evaporation reactions. The results of such a series of 




Search experiments were carried out for direct proton decay from a sequence of 
odd Z nuclei from Z = 73 - 61; 156Ta, 146Tm, 128  Pm, 132Eu, 138Tb and 
142  Ho. 
These were produced in the following 1p3n fusion evaporation reactions: 
58Ni + 102Pd 	—' 
1p3n 
•—* 




40 Ca + 92Mo —' 132Sm* 
lp3n — 
40 Ca + 96Ru —4 136Gd* 
lp3n 
—+ 132 Eu 
40Ca + 102Pd 	—+ l42Dy* 
1p3n 
1 Tb 
40 Ca + 106Cd 	—' 146Er* 
lp3n
— i 142 Ho 
Table 4.1 gives the experimental parameters for each reaction. 
The results of these experiments have been reported in three publications [Liv93a, 
Liv93b, Liv93cI which relate closely to sections 4.1, 4.2 and 4.3 of this chapter. 
The final section, 4.4, discusses the systematics of proton decay in the light of the 
new results presented here. 
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58  N 290 - 	 6 30 102 Pd 1000 61 
58 N1 287 5 18 92 Mo 750 150Yb' 64 146 T 
40 Ca 185 8 14 92 Mo 500 132Sm' 64 128Pm 
40Ca 204 7 14 96 R 0 400 136Gd' 64 132 E 
40Ca 194 10 14 102 pd 1000 142 Dy' 64 138Tb 
40 Ca 198 5 30 106Cd *750 146E? 64 
. target backed with 700jgcm 2 of Al facing upstream. 
* target backed with 25gcm 2 of C facing upstream. 
t E. = Center of target excitation energy. 
Table 4.1: Table of Reaction Parameters 
4.1 Proton decay from 156Ta 
In an earlier experiment [Pag92] direct proton emission was identified from ' 60 Re 
produced via the p3n channel in the reaction 58 Ni + 106Cd ........+ 1840s*. A second 
new proton line was found to be correlated with the weak a-branch (9%) of 
""Re, and this was tentatively assigned to ' 56Ta. However, the identification was 
based on a small number of events. The reaction 58Ni + 102Pd -i 160W' produced 
156  T directly as an evaporation residue via the p3n channel thereby increasing 
the statistics with the aim of confirming the original assignment and obtaining 
precise measurements of the energy and half-life. 
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4.1.1 Identification of proton peak 
The decay energy spectrum from 160W' is shown in figure 4.1a. The broad contin-
uum at the lower end of the spectrum (overlapping the expected energy range for 
proton emission) is caused by a particles which escape through the front face of the 
detector without depositing all their energy. Alpha activity is high in this region; 
Figure 4.1: a) Spectrum showing all decays from 160 W evaporation residues. The lines in 
the higher energy part of the spectrum are known a-transitions (only the three most intense ones 
are labelled). b) Spectrum showing decays which occurred within lOOms of an implantation 
event on the same pixel in the A = 156 mass group. In both spectra the small inset shows the 
level of the a escape background in the 0.5— 1.5 Me  energy range. 
indeed almost all a-emitting isotopes with Z < 73 are produced in the detector, 
either directly or as daughter products. These are evident at the higher end of the 
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spectrum (> 4MeV). Figure 4.1b shows decays which occurred within lOOms of a 
implantation event on the same pixel in the A = 156 region of the detector. A 
comparison of the two spectra shows that merely applying a mass and time gate 
has little effect on the background in the critical 0.5 - 1.5 MeV region. This is due 
to intense, short-lived a activity from (in particular) 1 16 L (t 112 180ms), 156 H 
(t 1 1 2 450ts, 25ms) and 155Lu (t 1 1 2 70ms) which is not completely excluded 
by the A = 156 mass gate. However, proton emission from 156Ta will populate 
the /3-decaying nucleus 155Hf (t112 = 890±120ms) which in turn populates 155 Lu. 
There are three known a-transitions from 155Lu; two are associated with low-lying 
levels (E=5648±5keV, t1 1 2 =70±6ms and Ea=5579±5keV, t 1 12=140±20ms) and 
the third with a high spin isomeric state (E a=7379±15keV, t 1 12 =2.6±0.07ms) 
[Hof89b, Tot881. Correlations can therefore be made between proton decays from 
156Ta and second generation a-decays from ' 55Lu. Figure 4.2 shows the correlated 
decay spectra which were incremented subject to the conditions described below: 
(All events referred to must occur within a single pixel on the A = 156 region of 
the detector.) 
Correlations with 155 L a-decays (E=5648±5keV): The initial decay was in the 
energy range 500-1600keV and had to occur within is of an implantation event. 
This had to be followed by a decay event of 5648±20keV occurring within a time 
window of 300ms < t < 1.5s after the first decay. The minimum time condition is 
due to the 890ms half-life of the intermediate /3-decay; any event detected within 
300ms of a decay has a low probability of being a correlated 155Lu a. It is more 
likely to be either: a) a random 155Lu a produced directly from an implantation 
event in the adjacent A = 155 mass group which slightly overlaps the A = 156 
group or b) a random 156Lu a produced directly from an implantation event; the 
huge relative intensity of this line (E a=5568±l5keV, t 1 12=180±20ms) means that 
the higher energy tail of its distribution encroaches into the energy gate set for 
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Figure 4.2: a) Decay events in the 500— 160)keV range correlated with 5648keV ' 55Lu a- 
decays. b) Decay events in the 500— 1 600ke V range correlated with 5579keV 155Lu a-decays. 
Sum of the spectra presented in a) and b) showing the identification of a proton transition in 












Correlations with 155Lu a-decays (Ea=5579±5keV): The main gate conditions 
were exactly as those described above, with the energy window for the 155Lu in 
this case being set at 5579±20keV. Unfortunately this energy gate surrounds the 
centroid of the 5568keV 158Lu a-line which is responsible for most of the random 
background in the A = 156 mass group. However, a-emission from 156 Lu populates 
the 48-decaying nucleus 152Tm (t 1 1 2 5.2s) which in turn populates 112  Er; an a-
emitter (E = 4802±5keV, t1,i3 = lOs). Hence, correlations can be made between 
6Lu a-decays and second generation a-decays from 112 Er. This was the basis for 
a further condition; any pair of correlated events (as described above) was vetoed 
if an 112  Er a-decay was detected on the same pixel within the following 70s. This 
spectrum is shown in figure 4.2b. 
It should be noted that no decay events in the 500 - 1600keV region were correlated 
with the higher energy isomeric a-decay from iSSL u . The spectrum shown in figure 
4.2c, therefore shows all events in the 500 - 1600keV energy range which were 
correlated with ' 55Lu a-transitions. The emergence of the ' 56Ta proton line with 
negligible background shows the effectiveness of the correlation method and use 
of time, energy and mass gates. There are 15 events in the peak. 
4.1.2 Measurement of energy, half-life and cross-section 
Energy calibration was made with respect to the known proton transition from 
147Tm, E=1051±3keV [Hof89] which was produced via the p2n channel of reac-
tion 3.2 and measured with the same detector. The proton transition was found 
to have an energy of E = 1103±12keV and Q-value of Q, = 1110±12keV. Details 
are shown in table 4.2. This energy is clearly different to that of the previously 
identified transition [Pag92] at E = 1022±13keV which was calibrated with re-
spect to the known proton decay from iSiL u  [Hof89}. (The different calibration 
points 147Tm and 151 Lu used for the two lines were calibrated with respect to each 
other [Hof891.) Hence, the proton decay produced directly in the fusion evapora- 
Energy from peak centroid (Ecgnt ) 1103.2±12 keV 
Energy from centroid after deficit correction (Epcm.) 1104.7±12 keV 
Energy of recoil nucleus (Er ) 7.1 keV 
Energy of recoil nuclues after deficit correction 1.5 keV 
Energy of proton screening correction (E,) 13.1 keV 
E 	( = Epcor - 1103.2±12 keV 
Qp ( = E, + Er  ) 1110.3±12 keY 
Qnuc (= Qp + E.c) 1123.4±12 keV 
Table 4.2: Energy measurements for 156Ta proton decay. 
tion reaction is from a different state to that produced via the a-decay of "'Re. 
This is discussed further in section 4.1.3. 
The hall-life was calculated using the method of maximum likelihood [Sch84] 
described in section 3.4.4 and was measured as: t 1 ,2 = 320±80ms. 
Based on a Recoil Separator efficiency of 3% the cross-section was found to be: 
C 3 	5Onb. 
4.1.3 Assignment of proton transitions 
Table 4.3 shows a comparison of the measured half-lives of the new transition 
and the transition previously identified by Page et al. with WKB calculations 
performed using the Becchetti-Greenlees optical potential [Bec69]. 
156Ta Proton Energy II 	Proton decay half-life 
experiment I h112  I  d3,2 I 81/2 
1022±13keV 	165±120ms 104s 42m  5ins 
1103±12keV 320±80ms 7.9s 3ms 390,ts 
Table 4.3: Comparison of the measured half-lifes of the proton decay lines from 156 T with 
WKB calculations using a Becchetti-Greenlees potential (Bec691. 
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On the basis of this comparison the original 1022keV proton decay was assigned 
to a d312  level [Pag92}. For the new 1103keV proton decay it is clear from the 
table that the s 1 1 3 and d31 2  orbitals can be excluded as an origin of the activity 
as the predicted half-lives are too short by orders of magnitude, and no hindrance 
effects are anticipated in this region. However, the calculation for the h 11 1 3 proton 
orbital is 40 times greater than the measured value, indicating that /3-decay 
represents the dominant branch for this state. Fortunately, excellent systematics 
for odd-odd N = 83 isotones are available for favoured Gamow-Teller transitions 
between 7rhi112vf7.12 9+ vh9,i2z,f7, 2 8+ states [Hab8l]. These systematics, which 
extend to the neighbouring odd-odd N = 83 isotone '"Lu, indicate a logft value of 
3.0 for the corresponding transition in 156Ta which gives a predicted half-life of 
t 1 1 3 400ms (extrapolating energy level systematics). This is in good agreement 
with the measured half-life in the experiment and is consistent with the lower 
Emit of lOins suggested by Hofmann et al. [Hof89b] for this transition. It is also 
consistent with the data from [HabSl] in which only the /3-decay of the high spin 
7rhl1/2vf7/29+ states in odd-odd N = 83 isotones is observed in heavy-ion fusion 
evaporation reactions. The production cross-section for the new line is c50nb 
(corresponding to a recoil separator efficiency of 3%) which is considerably lower 
than the measured cross-sections of lb observed for previous 1p3n channels in 
this region [Woo93] indicating that a depletion of the yield has occurred through 
/3-decay. On this overall basis the new proton line is assigned to the decay of 
a 7rh,112vf7129+ isomeric state in ' 56Ta (although coupling to a 7+  or 8+ state 
cannot be ruled out, as will be discussed) with a corresponding branching ratio 
b4%. Furthermore, on the basis of the systematics in [Hab8l] the previously 
observed proton transition can now be assigned to the decay of the 7rd 31 3vf713 2 
ground state level in ' 56Ta. In each case the nucleus will most likely decay to a 
"17/2 ground state level in 15511f. The non-observation of the 7rh1113vf7129+ level in 
' 56Ta produced via the cr-decay of '60Re [Pag92j is most probably associated with 
configuration hindrance in going from a 7rd31 2 orbital in the parent nucleus '60P 










will favour a-decay to the 7rd 3 1 2vf71 3 2  ground state. The proposed decay scheme 
showing the completion of a Q-value loop between 160Re and 
155flf  is shown in 
figure 4.3. 
Figure 4.3: Decay scheme showing the unique proton - a-decay Q-value loop between the 
ground states of 160Re and 11111f Measured a and proton transitions are denoted by solid lines 
and the dashed line represents the estimated 0 branch from the high spin isomeric state in 156 T 
at an excitation energy of8l±l7ke'v' 
In summary, a new proton transition from a high lying isomeric state in 156Ta has 
been identified. The present data imply that the irh 11 1 2vf7, 29 isomeric state lies at 
an excitation energy of 81±17keV with respect to the ird 31 2vf7122 ground state 
in 156Ta. However, it must be mentioned that work by Vierinen et al. [Vie88] 
suggests that the odd neutron and proton in the neighbouring N = 83 nucleus 
154Lu may couple to form a 7+  isomer rather than the 9+  assignment implied by 
the systematics of [Hab8l], while the shell model calculations of Kleinheinz et al. 
Mo 
[K1e92] suggest that a 7rh 11 1 2vf71 38 isomeric state may be formed in 156Ta. It is 
interesting to note that previous measurements of odd-odd N = 83 isotones lying 
closer to stability have been unable to establish the relative ordering of these levels 
let alone the excitation energy [Lia80]. This new information can potentiallybe 
used for shell model calculations in the region of nuclei above the double shell 
closure nucleus 146  G for N > 82 [K1e92]. 
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4.2 Proton decay from 146 T 
The reaction 58 Ni + 92 MO -' 15ob was carried out to search for proton ra-
dioactivity from 146Tm, which is one isotope further from stability than the known 
proton emitter 147Tm. In the neighbouring odd Z nucleus the two proton emitting 
isotopes ' 50Lu and 151 Lu had already been identified [11of82, Se1931. Furthermore, 
the Möller-Nix mass model [Mo188] reproduces the Q-value of 14TTm [Hof89] and 
predicts that the Q-value of 148Tm is 290keV higher, making it a prime candi-
date for proton emission. Previous attempts to identify proton radioactivity in 
146Tm would not have been sensitive enough (lower limit for 146 T cross-section 
> 31Lb [Hof91]) but with the extra sensitivity of the RIDS technique there was a 
strong likelihood of making the first observation of this transition. The measure-
ment would also complete the systematics of a sequence of four odd-odd proton 
emitters from Z = 69 - 75. 
4.2.1 Identification of peaks 
Figure 4.4a shows all detected decay events in the 0 - 5MeV range from the 
reaction 58Ni + 92Mo -+ lsOYb*. There are three peaks in the 1.0 - 1.5MeV range 
characteristic of direct proton emission. The a lines in the spectrum are from 
isotopes of A = 149 - 153 which are implanted in the detector due to charge state 
overlap. This occurs when evaporation residues of different ionic charge states are 
focussed on the detector; in this case causing an almost exact overlap of masses 
A = 144 - 148 (Q = 29+) with masses A = 149 - 153 (Q = 30k). Also visible is 
a broad continuum at 1.5 - 3.5MeV which is due to a escapes, and a similar 
proton escape background to the left of the lower energy peaks. 
Figures 4.4b,c show decay events in the 0 - 5MeV range occurring within is of 
a recoil event in the same detector pixel of the A = 147 and A = 146 mass 
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Figure 4.4: a) Spectrum showing all decays from 150 Y10 evaporation residues. b) Spectrum 
showing low energy decay events in the A = 147 mass group. c) Spectrum showing low energy 
decay events in the A = 146 mass group. In spectra b) and C) only events detected within Is of 
an implantation event on the same pixel are included. 
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known ground-state proton decay of 1 47 T with Ep = 1051±3keV [11of89]. Two 
previously unobserved decay lines are present in the A = 146 region correspond-
ing to a combined cross-section of - 2pb (see section 4.2.2) which agrees well 
with previous values obtained with 1p3n evaporation channels identified using the 
Daresbury Recoil Separator [Pag92, Se1931. The 4n evaporation channel can be 
excluded as an origin of the activity as its cross-section would be too low and the 
nuclei produced by the 2n2p and 1n3p channels, 146  Er and 146110  can be excluded 
by considering Q-value systematics ( Q,-values are —2.4MeV and —0.7MeV respec-
tively from the Wapstra mass estimates [Wap88] ). On this basis, the two lines 
observed in the A = 146 region are assigned to proton emission from 146Tm. 
4.2.2 Measurement of energy, half-life and cross-section 
Energy calibration was made with respect to the known proton transition from 
147Tm, E = 1051.2±3keV [Hof89] produced in the A = 147 mass group. Using 
the method described in section 3.4.3 the proton lines were was found to have an 
energies of E = 1119±5keV and 1189±5keV with and Q.-values of 1127±12keV 
and 1197±12keV respectively. Details are shown in table 4.4. Half-lives were 
Peakl Peak2 
Energy from peak centroid (Ecent) keY 1118.7±5 1188.5±5 
Energy from centroid after deficit correction (E 9 0,) keY 1120.2±5 1190.0±5 
Energy of recoil nucleus (Er ) keV 7.7 8.2 
Energy of recoil nuclues after deficit correction (E0,) keV 1.5 1.6 
Energy of proton screening correction (E. g ) keY 13.1 13.4 
E 	(= Epcc,i - Er0,.) keY 1118.7±5 1188.4±5 
Q, (= E + E ) keV 1127.9±5 1197.2±5 
Q.,.,
( = Q9 + E.c ) keV 1131.0±5 1210.6±5 
Table 4.4: Energy measurements for 146Tm proton decays. 
measured by applying least squares straight line fits to graphs of in (count rate) / 
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Figure 4.5: Graphs showing in (Count Rate) against time for the three observed proton lines. 
The gradients of the fitted (least squares) straight lines were used to determine the half-lives. 
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Proton transition 	11 147 T I 146Tm I 148Tm 
Proton energy (keV) 	II 1051.2±3 1 1118.7±5 1 1188.4±5 
Measured hall-life (ms) 	502±54 1 235±27 1 72±23 
Table 4.5: Summary of half—life measurements 
This reproduces the half-life of 147Tm, t 1 1 2  = 560±40ms measured by Larsson et 
al. [Lar83] and gives values of t1 2  = 235±27ms and 72±23ms for the new proton 
lines in 146Tm. The difference in these hall-lives indicates that the protons are 
emitted from different states in 146Tm; this is discussed in section 4.2.3. 
Based on a Recoil Separator efficiency of '.3% the cross sections for the two lines 
was found to be 1.661ib and 0.21jtb 
4.2.3 Assignment of proton transitions 
The 1/2, d31 2 and h11 1 3  orbitals are known to be close to the Fermi level in 
146Tm region. Table 4.6 shows a comparison of the measured half-lives with WKB 
calculations using the Becchetti-Greenlees optical potential [Bec69]. 
Proton Energy 
(keV) 
Proton decay half-life (ms) 
experiment h1112 I 	d312 F 31/2 
1119±5 235±27 480 0.16 0.017 
1189±5 72±23 58 0.018 0.002 
Table 4.6: Comparison of measured half-lives for the decay lines of 146 T with WKB 
calculations using the Becchetti-Greenlees optical potential (Bec691. 
From this it is clear that the S1/2  and d31 2  orbitals can be excluded as the origin 
of the activity as the predicted hall-lives are much too short and there is no 
evidence for hindrance effects in this region. The hail-life of the 1189keV line is 
almost exactly reproduced by the calculation assuming a 7rh ll/2 orbital. This is 
consistent with other measured proton decays from 1 47 T and 150 '151Lu which are 
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also well reproduced by WKB calculations using the Becchetti-Greenlees potential 
[Sel93]. The corresponding prediction for the 11 l9keV line is significantly longer 
than the measured value. This line is 5 times more intense and is assigned 
to a 10+ isomer (formed by the coupling of an h 11 1 2 proton with a h 11 1 2 neutron• 
hole) decaying to a vh 11 1 2 1  state in "'Er. Such states have been observed to be 
strongly populated by heavy ion fusion reactions [Nol82}; in particular a 10 state 
in the neighbouring odd-odd isotope 148Tm has been observed to /3-decay with a 
half-life of TOOms which corresponds to a logft  value of 4.4 for the transition to a 
10 state in 148  Er [Nit88]. A partial half-life of s430ms would be expected for 
the corresponding transition in 146Tm, assuming the same logft value as for 148 T 
and extrapolating the excitation energies of these levels from systematics. This 
/3-decay competition would account for the measured half-life being shorter than 
the WKB prediction and suggest a proton decay branching ratio of s55%. The 
1189keV transition is assigned to the decay of a low-lying 5 or 6 state formed 
by the coupling of an h 1 112 proton with an 51/2  or d31 2 neutron hole. Such states 
are commonly observed in this region, indeed the proton decay line from ' 60Lu 
has been similarly assigned [Sel93]. These states are typically very close in energy 
to 1+ states formed by the coupling of d 312 and S2/2 neutron and proton holes 
[Tot87]. However, from the present data it is not possible to conclude which state 
represents the ground state as the decay of the 1+ level is not observed. This is in 
contrast to the odd-even partner 147Tm, where proton emission is observed from 
both the h 11 1 2  ground state and the d 312 isomeric state [Sel93, Hof89]. 
In summary, two proton lines have been observed in 146Tm completing the identi-
fication of a chain of odd-odd proton emitting nuclei in the region of the drip-line 
from Z = 69 - 75. The observation of an isomeric decay in 146Tm also means that 
isomeric proton emission has been identified in three nuclei in this region; 1 Tm, 
147 T and 150Ta. 
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4.3 The search for proton emission from 128Pm, 132Eu, 
138Tb and 142  Ho 
In the final four reactions a 40 Ca beam was used to bombard targets of 92 Mo, 
96Ru, 102 Pd and '°°Cd to search for proton emission from odd-odd light rare 
earth isotopes in the region Z = 61 - 67. The nulcei were produced via the 1p3n 
evaporation channels of the following reactions: 
40 Ca 	+ 92Mo - 132 Sm 
lp3n 
128Pm 
40 Ca 	+ 96Ru - 1360d* 
3n lp 	
132 	E 
40 Ca 	+ 102Pd 	—p 142Dy* 
1p3n138
Tb 
40 Ca 	+ 106  C 	-i 146 Er* 
1p3n 	142 Ho 
Ground state proton radioactivity had not yet been discovered in this region, 
which is of particular interest since potential proton emitters are predicted to 
have highly deformed ground states (/3c0.4) [Mo188]. Previous experiments by 
Hofmann et al. had failed to find proton decay from 129Pm, 133Eu, 139Tb and 
143110 all of which were produced via the p2n channels of the reactions listed 
above [Hof82]. Upper limits of 10jtb were obtained for the cross-sections which, 
since the p2n channel cross-sections are typically c5Ojtb, indicates that these nu-
clei are not unbound to proton emission. The results are consistent with hail-life 
calculations in this region [Bug85, Fei83, Lar831 which suggest that the dominant 
mode in each case is 6-decay. However, hall-life predictions from the gross theory 
of /3-decay [Tak73] suggest that, in the nuclei produced via the p3n evaporation 
channels of these reactions, proton decay may be able to compete effectively with 
/3-decay. This is in agreement with estimates made by Hofmann [Hof82] where, 
based on interpolations from the known proton emitters at the time, 1091  113Cs, 
147Tm and ' 51Lu, it was predicted that 128Pm, 132 Eu, 138Tb and 142110  were po-
tential proton emitters. Searches of these nuclei had already been made using 
on-line separators [Lar83, Nit83] but the experiments were not sensitive to the 
short hail-lives (t 1 1 2 <lOOms) characteristic of direct proton decay. Using the 
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RIDS technique it was possible to conduct a search sensitive to cross-sections of 
< 1tb and half-lives > l,as. 
In all cases the recoil separator was set up to focus the isobars associated with 
the 1p2n and 1p3n evaporation channels on the detector. Figure 4.6 shows, for 
each reaction, the spectrum of all decays in the 0 - 2500keV energy range which 
occurred within is of an implantation event in the same pixel in the mass group 
associated with the 1p3n channel. The lower limit for detection of protons, de-
termined by the hardware trigger level, was = 500keV which is well below the 
energy required for proton emission to compete successfully with /3-decay. The 
background continuum seen in figure 4.6d, and also to some extent in figure 4.6c 
is due to a escapes from ' 49Tb which was produced in the detector from the cali-
bration reaction where known a-emitters were produced by using a 40Ca beam on 
a nat target. The half—life of 149Tb is 4.1h, hence the activity persisted during 
the reactions which were carried out immediately after the calibration run. In 
figures 4.6a and 4.6b the background at the lower end of the spectra is due to the 
small proportion of 8's which deposit enough energy in the detector to get above 
the discriminator thresholds of the shaping amplifiers. 
There are no peaks in these spectra which are strong enough to stand out above 
the background. If the assumption is made that 20 events would be adequate 
to identify a proton line (750keV > E, < 1500keV) in ""Ho, and 10 events for 
128Pm, 132Eu and 1 Tb the cross-section upper limits (based on a Recoil Separator 
efficiency of .-s2%) are 80, 120, 40 and iOOnb respectively. A comparison of these 
limits with the total proton production cross-section for 146Tm (see section 4.2.2) 
2jb indicates that direct proton emission with a lifetime > 10_ 6 8 is not a 
dominant decay mode for 128Pm, 132Eu,138Tb or 142110. 
Previous experiments on the proton emitting pairs of nuclei 14647Tm and 150"51Lu 
have shown, that at an excitation energy of 64MeV, the 1p2n and lp3n evapo-
ration residues are produced in equal abundance (eg. see fig.4.4). No peaks were 
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Figure 4.6: Spectra showing all decays in the 0- 2500keV energy range occurring within Is 
of a recoil implantation in the same pixel of the stated mass group. a) - d) relate to the lp3n 
evaporation channel of the reactions (see table 4.1) which were carried out to search for direct 
proton emission from 128Piii, 132Eu, 138 Tb and 142146 respectively. 
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observed in the spectra gated on the mass groups associated with 1p2n channel 
for each reaction. This confirms the result of Hofmann et al. [11of89] where a 
search was carried out for proton emission from the odd-even partners 129  Pm, 
133Eu, 139Tb and 143  Ho. 
In summary, the above results indicate that proton emission with t1,i2 > 11s 
is not a dominant decay mode for the nuclei 128,129  Pm, 132 '133Eu, 138"39Tb and 
142 ' 14311o. This indicates that the Q-values for these nuclei are not sufficiently 
high to compete with 3-decay. A further discussion of this in relation to Q-value 
predictions from mass models is given in section 4.4.1. 
4.4 Discussion 
The experiments described here have completed the search for proton radioac-
tivity in odd Z nuclei from Z = 61 - 75 accessible via 1p2n and 1p3n fusion 
evaporation reactions. Table 4.7 summarises the measurements of all the known 
proton emitters in this region. The addition of the new results provides a unique 
opportunity to test competing mass models and barrier penetration predictions 
systematically over a range of nuclides in a well defined region. 
4.4.1 Q-value predictions 
Figure 4.7 a shows a comparison of measured proton separation energies (for 
protons emitted from the ground state, or lowest assigned level) with predictions 
from the Möller-Nix mass model [Mo188] for chains of odd Z proton rich isotopes 
in the range Z = 61 - 75. In figure 4.7b the same data is compared with the 
predictions of the shell model based mass formula of Liran and Zeldes [Lir76]. In 
both graphs the circles indicate isotopes which were potential proton emitters and 







Ratio,b, (%) (ms) 
Proton 
orbital 
146Tm 1119±5 1127±5 72±23 =100 72±23 h 11 12 
146Tm 1189±5 1197±5 235±27 =55 504±200 h1112 
147Tm 1051±3 1058±3 580±70 15±5 2800±200 h1112 
147Trn 1111±4 1119±4 0.36±0.4 =100 0.36±0.4 d31 3 
150 Lu 1261±4 1269±4 35±10 =80 40±25 h11 12 
151 Lu 1233±3 1241±3 90±10 =70 130±80 h11 13 
156Ta 1022±13 1028±13 165±120 100 165±120 d312 
156Ta 1103±12 1110±12 320±23 t 790 h1112 
160Re 1261±6 1269±6 0.86±0.2 =90 0.87±0.3 1 	d313 
f WKB prediction using Becchetti-Greenlees potential - used to estimate proton 
branch. 
Table 4.7: Summary of proton radioactivity measurements from odd Z isotopes in the 
Z=61 —75 region. 
reactions. The dashed line shows the separation energy required for a proton decay 
with a half-life of is assuming the limiting case of unhindered l, = 0 emission 
(calculated using the Becchetti-Greenlees optical potential [Bec691). 
In the region where proton emission has been observed both models yield pre-
dictions which are fairly close to the measured proton separation energies; the 
Liran and Zeldes model tends to slightly underestimate the magnitude, whereas 
the Möller-Nix calculations are less consistent and tend to exaggerate the degree 
of odd-even staggering. On the basis of both sets of predictions the nuclei 128Pm, 
132 '133Eu, 138 ' 139Tb and 142.143  Ho are proton unbound, but do not exhibit high 
enough Q,-values to compete with with /3-decays, which have typical half-lives 
of -is in this region. In this light, the non-observation of proton emission from 
these nuclei is not surprising. In particular, the M61ler-Nix model, which takes 
deformation into account, predicts proton separation energies well below that re-
quired for an observable proton decay branch. However, prior to the experiments 
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Figure 4.7: Comparison of measured proton separation energies with predictions based on 
the mass models of a) Moller Nix IM0I88J and b) Liran and Zeldes [Lir76]. The circles show 
predicted values for nuclei which have been investigated with lp2n and ip3n fusion evaporation 
reactions. The dashed Line on each figure shows the separation energy required for a proton 
half-life of is assuming the limiting case of unhindered I,, = 0 emission; this is based on a 
WK.B calculation using the optical potential of Becchetti and Greenlees LBec69J. 
tam. The results therefore increase confidence in the predictive accuracy of both 
mass models in this region. Both the systematics, extended from the known data, 
and the two sets of Q-values predictions would suggest that the neighbouring iso-
topes 127Pm, 131 Eu, 137Tb and 141 Ho are potential proton emitters, with 131 Eu and 
141 110 being particularly promising candidates for future search experiments. The 
measurement of these separation energies would enable the test of mass model 
predictions to be extended down into the Z = 61 - 75 region of high prolate 
deformation. 
4.4.2 Barrier penetration predictions 
The WKB predictions of partial half-life are used primarily to make assignments 
of proton orbitals. For the observed proton emitters in the Z = 61 - 75 range 
the Fermi-level is expected to be S1/2, d31 2 or h11 1 2 and the sensitivity of the pre-
dictions to orbital angular momentum allows unambiguous assignment of levels. - 
This is illustrated in figure 4.8 which shows a comparison of the measured partial 
half-lives with the S1/2, d31 2 or h11 1 2  WKB predictions based on the Becchetti-
Greenlees potential. All proton emitting nuclei listed in table 4.7 are shown, with 
the exception of the 1103keV line in 158Ta where the proton branching ration and 
partial half-life were estimated by reference to the WKB prediction. Other poten-
tials, such as the Perey-Perey and Myers models, produce similarly unambiguous 
assignments, although tend to be systematically lower in their half-life predictions 
than the Becchetti-Greeniees model. 
With eight transitions unambiguously assigned to proton levels it is possible to 
make a comparison between measured hall-lives and WKB predictions. Table 4.8 
compares the measured partial half-lives with the WKB predictions based on three 
different potentials. All three potentials produce values which are lower than those 
obtained experimentally (this is expected since the model assumes unhindered 
proton emission); the greatest discrepancy being for the d 312 transitions. On 
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Figure 4.8: Comparison of measured proton partial hall-lives with WKB predictions using 
the optical potential of Becchetti-Greenlees. Level assignments made on the basis of this are 
shown. 
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the basis of only three d 31 3  data points it is not possible to make any systematic 
comparison, but it is worth noting that the Becchetti-Greenlees potential produces 





Proton partial half-life 
measured FBecchetti 1 	Perey 
146 T 1119±5 h111 2 72±23ms 58±7ins 23±3ms 
146 	T 1189±5 h 111 3 504±200ms 480±70ms 190±30ms 
147 T 1051±3 h11 1 2 2.7±0.2s 2.8±0.2s 1.0±0.21; 
147 T 1111±4 d31 2 360±40e 152±2a 462±30s 
150Lu 1261±4 h111 3 40±25ms 32±3ms 13±2ms 
151 Lu 1233±3 h 111 2 130±80ms 62±5ma 24±2ms 
156 T 1022±13 d31 2 165±120ms 42±20rns 32±15ms 
156 T 1103±12 h1112 * 7.9±2.5 3.0±1.2 
160 Re 1261±6 d31 2 870±30s 146±2Ojhs 98±16 
Table 4.8: Comparison of measured partial half-lives with WKB predictions. 
As can be seen in table 4.8 (and in fig.4.8), the WKB predictions for the h 11 12 
partial half-lives are closer to the data. Figure 4.9 shows a in-in graph compar-
ing measured h11 1 2  partial half-lives with WKB predictions using the Becchetti-
Greenlees potential and the Perey potential. Fitting a straight line to the data 
should give an indication of any simple systematic relationship between the data 
and the predictions based on the assumption that: 
4/2 1pred = k x (4/2,mea.)' 
lfl(tl/2pred) = In(k) + n X ln(t i i2mea .) 
Where: 
t1/2,meas = Measured partial half-life 
tl/2,pred = WKB partial hail-life prediction 
k,n 	= constants 
The (least squares fit) straight lines for Becchetti and Perey predictions have 
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gradients of 0.99±0.08 and 1.00±0.09 respectively. Given the wide spread and 
high uncertainty of the partial hall-live measurements this shows a remarkable 
consistency, with both potentials reproducing the experimental trend over a range 
of E and Z values. The constants of proportionality can be determined from the 
9.0 
• Becchetli - Greenlees potential 
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Figure 4.9: Graph showing correlation between measured half-lives and WKB predictions 
for h 1113 protons. 
y-offset in each case and results in the following expressions: 
	
4/2tnea. = ( 1.5 ± 0.4) X 4/2Becc 	4/2mea. = (3.6 ± 1.0) X 4/2p,.ey 
Alternatively, by analogy with the spectroscopic factor used for proton and a-
transitions: 
)'mea. 	(0.67 + 0.18) X )tBeCC 	)tmeaa = (0.28 ± 0.08) X Aperetj 
TV 
The value of 0.67 ± 0. 18 associated with the Becchetti-Greenlees potential is con-
sistent with a spectroscopic factor S 9  close to unity, which would be expected in 
shell model nuclei. Figure 4.10 shows the total potential, based on each of these 
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Figure 4.10: Comparison of total potentials for 1 =5 proton emission from 146Tm based on 
Becchetti-Greenlees and Percy parameters. 
their parameters relating to the nuclear and spin-orbit components. In particular, 
the Becchetti-Greenlees version uses a shorter nuclear radius than that of Perey 
and Percy, giving a lower inner turning point. This results in a larger forbidden 
region through which the particle has to tunnel and is responsible for the higher, 
more accurate half-life predictions. 
4.4.3 Level schemes in Z = 69-75 proton emitters 
The level schemes in the region near the N = 82 shell closure have been investigated 
using 3, f3-p and 'y-spectroscopy (see section 2.3). For Z > 64 the structure is 





in figure 4.11, which shows the experimental systematics of proton levels in light 
rare earth odd-Z N = 82 isotones. As can be seen from the diagram, beyond 
IiILS IyiLa i'+irr i's.,riii i+ji.0 ii au i -vii, 
Figure 4.11: Experimental systematics of proton levels in light rare earth odd-Z N = 82 
isotones. Beyond the Z = 64 shell closure (le between '45Eu and 47Th) the g71 3 d5 1 2 levels are 
proton hole states. 
Z = 64 the d31 2  level becomes lower with increasing Z. However, the data does 
not extend far enough to determine whether it eventually drops below the h1112 
to become the ground state. Proton radioactivity measurements can provide a 
means of extending such systematics and determining the level ordering in nuclei 
beyond the drip-line. 
Figure 4.12 shows the deduced level schemes for these known proton transitions 
in the Z = 69 - 75 region. For the transitions below the N = 82 shell closure, 
assignments are in good agreement with the systematics: The odd-proton even-
neutron nuclei are known to have 7rh12  ground states, with spin states (7rs112 and 
7rd3,2) close in energy to the 7rk11 1 2  state. The level schemes for 151 Lu and 147Tm 
confirm this; both have h 11 12 ground state, and the 147Tm isomeric proton decay 
odd-even proton emitters odd-odd proton emitters 
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Figure 4.12: Deduced level schemes for Z= 69— 75 proton emitters. 
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is assigned to a d 31 2  orbital. The failure to observe a similar isomeric transition in 
151 Lu is probably due to its half-life being too short for measurement with current 
techniques. (Assuming the same energy difference as the levels in ' 4TTm the WKB 
half-life prediction is 31s.) 
The odd-odd nuclei are known to have two states close in energy; a low spin posi-
tive parity state formed by the coupling of S1/3  or d3 1 3  protons with neutron holes 
and a high spin negative parity state formed by an h 11 12 and 81/2  or d31 3 neutron 
hole. Transitions in 150Lu and 146Tm are consistent with the latter. Additionally, 
at energies of 700keV, a 10 /3-emitting isomer can be formed by the coupling 
of an h11 1 2  proton with an h 11 1 2  neutron hole. The isomeric transition in 146 T 
has been assigned to such a state. The implication here is that there no (or small) 
-y branch from the lO to the 6 -  state, or any other intermediate negative parity, 
high-spin states (See figure 4.12). This condition would seem not to hold for 150Lu 
where no corresponding isomeric proton decay has been observed. 
Above N = 82 the relevant neutron orbitals are f 712 and h913 . For odd-odd nuclides 
two states, close in energy, are known; [7rd31 3471 2]2 and [7rhni31/f7, 2 ]9+. Pre-
vious measurements have failed to establish which is the ground state, although 
Nilsson type calculations [Ben85] predict a lowering of the [4111 1+ level due to pro- 2 
late deformation, and recent measurements by Toth et al. [Tot93} have shown that 
the nuclei 155Lu (N = 84) and ' 57Lu (N = 86) have d312 orbitals as their ground 
states. In the nuclei '"Re and ' 56Ta (/3 0.1 [Mo1881) the proton transitions are 
consistent with this, and have established unambiguously that the ground state 
proton level is d312 . Furthermore, the measurement of the excitation energy of 
the h11 1 2 state in 156Ta can potentially be used in shell model calculations in the 
region above the double shell closure nucleus 146Gd. This illustrates that mea-
surements of proton radioactivity at the drip-line can yield valuable information 
which is relevant to a much broader region of the chart; information which studies 




The proton radioactivity experiments described here were carried out using a re-
cently developed technique (RIDS) based on the Daresbury Recoil Mass Separator 
and a double-sided silicon strip detector. This system opened up the field to pro-
ton emitting candidates which could be produced with 1p3n fusion evaporation 
reactions. 
From the six search experiments, three new proton transitions have measured; 
two from the previously unidentified proton emitter 146Tm, and one new transition 
from an isomeric state in the known proton emitter 156Ta. Furthermore it has been 
established that there are no significant proton branches in the nuclei 141,14211o, 
137 '138Tb, 131 ' 132Eu or 127 ' 128Pm. The positions of these nuclei on the chart of 
nuclides are shown in figure 5.1. The known proton emitters in the Z = 61 - 
75 region are shown as red squares on the chart, and those nuclei from which no 
observable proton branch was found are shown as white squares. Also shown (red 
squares with white band) are the nuclei which, on the basis of Q-value and WKB 
predictions, are potential proton emitters (see section 4.4). Of these, 141110  and 
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Figure 5.1: Nuclear chart (Z = 60 - 76) showing known proton emitters, potential proton 
emitters and nuclei where search experiments indicate that there is no significant proton branch. 
131 Eu are particularly promising candidates for future search experiments. 
The observation of proton radioactivity in 146Tm has completed the identification 
of a chain of 6 odd-Z proton emitters in the Z = 69 - 75 region. This has allowed 
a more extensive test of Q p-value predictions than was previously possible. The 
predictions of both the Liran-Zeldes and Möller-Nix mass models agree well with 
the measured values. Similarly, both models would suggest that for Ho, Tb, Eu 
and Pm the drip-line lies at least one nucleon further from stability than the 
present experiments attempted to investigate. 
The addition of the new partial-hail life measurements to the existing data pro-
vided an opportunity to compare the predictions of WKB barrier penetration 
models based on different potentials. For h 11 1 3 protons a linear relationship was 
found between the experimental hall-lives and those predicted using the models 
of Becchetti-Greenlees and Perey-Perey. It was also found that the predictions 
madeusing the Becchetti-Greenlees potential are closer to the data, both for h 11 12 
and d31 2 protons. 
With regard to deformation, the non-observation of proton emission from 142,143  Ho, 
138 ' 139Tb, 132 ' 133Eu and 128 ' 129Pm means that the effect of high prolate deformation 
remains unknown. Figure 5.2 shows a contour map of /3-deformation. The known 
proton emitters are indicated with black circles and the nuclei which yielded neg-
ative results are shown as white circles. As can be seen from the diagram, the 
isotopes in the drip line region Z = 67 - 61 are predicted to exhibit increasing 
prolate deformation. The observation of proton radioactivity in these elements 
would complete a systematic study beginning at highly deformed Pm and ending 
at the shell model nucleus '"Re. This would provide valuable information on level 
ordering and proton separation energies and allow a systematic test of the Bugrov 
model for half-life predictions. 
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5.2 Future areas for exploration 
If, as is predicted here, proton decay in the Z = 67 - 61 region occurs one isotope 
further from stability then the most viable means of producing these nuclei at 
present would be in 1p4n fusion evaporation reactions. This was not attempted 
with the RIDS system, but may soon be feasible on other systems such as the FMA 
(Fragment Mass Analyser) at Argonne. This system was commissioned recently 
and has similar features to the RIDS system; evaporation residues are separated 
in-flight, dispersed according to their a/q value and implanted into a double-sided 
strip detector at the focal plane. Experiments run recently on the FMA have 
repeated the measurements of proton decay from 146Tm and are in agreement 
with the results reported here. In the near future the aim is to reproduce more 
of the results obtained using the RIDS technique. The FMA system has a higher 
efficiency than the Daresbury Recoil Separator due to its wider energy acceptance 
and its ability to focus several charge states on the detector simultaneously. With 
sufficient beam time it should capable of using 1p4n reactions to search for 141 11o, 
137Tb, 131 Eu and 127Pm. The extra efficiency should also improve the yield for 
investigations of neutron deficient nuclei at high Z, where evaporation channels 
have to compete with fission. New measurements of a-radioactivity have already 
been made in this region using the RIDS system (eg. 172  Au [Se193b]). 
A major step forward in proton radioactivity studies should come with the arrival 
of radioactive beams such as the Oak Ridge facility currently under development 
[Gar9l, O1s921. Using highly proton rich beam and target combinations, it will 
be be possible to access nuclei beyond the proton-drip line via the 2pin and 1p1 
evaporation channels, resulting in much higher production-cross sections than are 
currently feasible. Calculations based on Q-value predictions and WKB barrier 
penetration calculations suggest that in the Z = 50 - 70 region there may be as 
many as 40 proton emitters with hall-lives > ls. Indeed one further example 
of proton radioactivity, 112 Cs, has already been identified in this region since the 
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completion of work described here [Pag93]. Furthermore, the nucleus 	has been 
identified as an a-emitter [Pag9l, Pag93b]. This is the only known instance of 
a-emission beyond proton-decay and is thought to be due to the odd-even stager-
ing of the proton separation energy caused by the np pairing interaction. The 
observation of further examples would be of great interest. Above the N = 82 
shell closure, in the heavier elements, it is more difficult to assess potential pro-
ton emitting candidates due to competition from a-decay. The most interesting 
unexplored region is below Z 40. The measurement of proton separation ener-
gies here would provide valuable information for nuclear astrophysicists working 
on the rp (rapid proton capture) process. However, WKB calculations suggest 
that all proton transitions below Z = 40 have hall-lives below ljis, which is the 
approximate lower limit for current systems using recoil separators. 
Finally, use of radioactive beam facilities will also allow a more extensive search 
for two-proton radioactivity than has been previously possible. A one step 2p-
emission may happen in cases where the first ip transition is hindered or forbidden 
by low energy. Properties of two-proton radioactivity have been discussed by 
Goldansky [Go161,65,66,88] and Galitsky and Cheltsov [Ga164]. Measurements 
could provide valuable information on 2p correlations within the nucleus. The 
few search experiments carried out so far (eg. 31  A and "Ti [Bor9l, Det90]) have 
proved negative, and observation of this phenomenon remains a major challenge 
for the future. 
Appendix A 
Radiation damage 
A report prepared for Micron Semiconductor Ltd., CASE award sponsors; the effect of 
radiation damage on measurement of heavy ions with double-sided strip detectors 
Introduction 
A series of tests was carried out to investigate the behaviour of double-sided strip 
detectors under irradiation from heavy ions. Previous estimates of the dose at 
which serious performance degradation occurs are in the region of 3x10 6 ions 
Mm- 2  (for fission fragments) [Shi69]. This loss of performance is dominated by 
two mechanisms: 
• Breakdown of interstrip resistance caused by energy being deposited in the 
resistive barrier between strips and resulting in incomplete charge collection 
and loss of position resolution due to two or more adjacent strips registering 
hits for an event. 
• Production of Frenkel Defects [Shi69]. These occur when an implanted heavy 
ion displaces a silicon atom from the crystal lattice, leaving two atoms (the 
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implanted ion and the silicon) in interstitial positions where they act as 
charge trapping centres and increase the chance of electron-hole pairs re-
combining before being swept out by the field. 
The aim was to damage the detector systematically with a view to quantifying 
the loss of performance caused by these effects. An indication was also sought as 
to whether it would be better to implant into the p+  or face of the detector. 
Experimental technique 
The investigations were carried out using a 252 Cf which produces characteristic 
6.1MeV a's (--97% branch) and fission fragments (...d3% branch). A fission frag-
ment spectrum is shown in figure A.l together with a list of parameters which are 
commonly used to measure the quality of a detector's ability to measure heavy 
ions [Sch661. 
The fission fragments were used to produce damage analogous to that produced by 
evaporation residues used in RIDS experiments, and the effect of the damage was 
monitored by separately detecting a particles and fissions. For each experiment 
a small (4 x 4 strip) area of a 100tm thick detector was irradiated at a rate of 
27x 10 fragments mm -2 hr 1 , taking 8-10 days to produce a dose of 6x10 6 
fragments mm-2 . The depletion voltage for the detector was -8V. A diagram 
of the experimental set up is shown if fig.A.2. Measurements were made at "-12hr 
intervals with each run accepting 50000 a triggers and 100000 fissions. 
Measurement of fission fragment spectrum 
Before attempting to investigate the effect of radiation damage on measurement 
of fission fragments, a series of tests was conducted to determine the conditions 











O. 1 NL 
HS 	H 	 L LS 
Channel Number 
Parameter 	Definition 	Reasonable Expected 
Number 	 Limit 	Value 
1 NL/Nv >2.85 -.2.90 
2 NH/NV 2.20 
3 NL/NH - 
4 iL/(L—H) <0.38 —.0.36 
5 iH/(L—H) <0.45 —0.44 
6 (H—HS)/(L—H) <0.70 —0.69 
7 (LS—L)/(L—H) <0.49 —0.48 
8 (LS—HS)/(L—H) <2.18 —.2.17 
Figure A.1: 112 ci' fission fragment spectrum and parameters fSchin661 









Figure A.2: Diagram of experimental setup. The system can be used to detect a's or 
fission fragments depending on which logic signal is switched to the ADC trigger. 
which would produce the best resolved spectrum on an undamaged detector. The 
quality of the spectrum is defined by the parameters shown in figure A.l; in 
particular the ratio NL/Nv  is commonly used to give an account of a detector's 
performance. To make an accurate measurement of these parameters, all fission 





A) +JeB 	 (A.1) 
This function is a sum of two stretched Gaussians. 
The free parameters H,L,NH,NL are those defined in fig.A.1 
A and B determine the spread about the centroids. 
Indices P and Q (=2 for normal Gaussian functions) are also free parameters, and 
allow some vertical distortion of the Gaussian shape, providing a better fit to the 













150 	200 	250 	300 	350 
Channel Number 
Figure A.3: Typical fission fragment spectrum and fitted function. 
The problem of charge recombination is much greater for fissions than with a's, 







voltage. Figure A.4 shows the variation of NL/Nv with bias for radiation incident 
on both faces 
4.0 
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Figure A.4: Graph of NL/Nv as function of Bias(V) 
These results would indicate that a bias of over 40V (ie > 5 x depletion voltage) 
is needed to produce a well resolved spectrum with NL/NV > 2.85. Moreover, for 
radiation incident on the p face of the detector a good quality fission fragment 
spectrum is not achievable. A field reversed area is known to exist in the interstrip 
region on the p face [Yor87]. Hence it is in this area that the field strength is 
weakest and most susceptible to cancellation when a dense cloud of electron hole 
pairs is created in the wake of an implanted fission fragment. The degree of 
resultant charge recombination is therefore higher for events where the charge 
cloud overlaps the interstrip region and the amount charge of collected from each 
face varies according to the point at which the incoming ion enters the detector. 
Subsequent tests on the effect of radiation damage were carried out with the 
detector biased at —80V. 
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Effect of damage on fission fragment measurements 
Having established that a good quality spectrum could not be achieved for fission 
fragments incident on the p face of the detector, the radiation damage tests 
concentrated on irradiation of the n+ face. For each test the final spectrum was 
obtained by summing the gain-matched spectra from the individual n strips, 
subject to the following conditions: 
• Events where more than one n+ strip fired were excluded (3%). 
• Events which did not involve a single p+  strip, or two adjacent p strips were 
excluded. For fission fragments, c20% of all events share charge between 
adjacent p strips due to the spread of the intense charge cloud as it travels 
across to the back face of the detector. Rejecting these would considerably 
reduce efficiency. Hence, for such events, the p+  face energy is calculated by 
adding the (gain-matched) energies from the adjacent strips. 
• Events where there was not a good match between charge collected from 
both faces were rejected; only events with —Q,+ - QTh+— < 0.05 Q,,k were 
accepted. (Where Qk average charge for an event in the higher hump of 
the spectrum before radiation damage.) 
The total efficiency using these conditions is >90%, and is not noticeably af-
fected by radiation damage. Figure A.5 shows the fission fragment spectrum at 
three different levels of damage. The downward shift of the spectrum as the dose 
accumulates reflects the progressive decline in charge collection. 
The differences in the proportions of these spectra make them difficult to interpret 
visually and it is necessary to examine the parameters to obtain a clear measure-
ment of the quality in each case. Table 2 shows the variation of the parameters 
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Figure A.5: Fission fragment spectrum at three different radiation doses. 





Accumulated Dose (Fragments nvn 3 x 106) Acceptable 
Value] 0 1 	0.88 1 	1.4 [2.i{ 2.8 1 	3.51 4.2 
1 ±5% 2.76l 2.74 2.77 2.76 273 2.77 272 1 2.66 2.62 2.58 >2.85 
2 ±5% 2.30 2.26 2.27 2.28 2.20 2.11 3.12 2.08 1.97 
1.94 n2.20 
3 ±3% 1.20 1.21 1.22 1.21 1.24 1.31 1.29 1.29 1.33 1.31 - 
4 ±3% 0.41 0.40 0.42 0.39 0.39 0.38 0.39 0.38 0.39 0.39 
<0.38 
5 ±3% 0.44 0.44 0.43 0.43 0.43 0.45 0.43 0.42 0.44 0.44 <0.48 
8 *2% 0.69 0.70 0.71 0.72 0.73 0.74 0.75 0.78 0.78 0.79 <0.70 
7 ±2% 0.51 0.51 0.51 0.51 0.51 0.50 0.51 0.51 0.51 0.52 <0.49 
8 ±1% 1 	2.22 2.22 2.24 2.24 2.26 2.30 2.30 2.31 <2.18 
Table A.1: Fission fragment spectrum parameters measured over a range of radiation doses. 
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Firstly, it should be pointed out that, even with no accumulated dose on the test 
area, an acceptable spectrum (as defined by the parameters) was not obtainable. 
However, the detector used for the tests had been provided (free of charge) by 
Micron because it had failed to meet quality control criteria. The quality was 
not, therefore, consistent over the whole area of the silicon; earlier tests indicated 
that on high quality parts of the wafer it was possible to obtain a satisfactory 
spectrum, with NL/Nv>2.9 (see fig.A.4). The results presented here can give a 
useful indication of how the detector degrades relative to its initial performance 
before damage. 
Figure A.6 shows the how the position of the higher centroid, and the peak to valley 
ratio NL/Nv 
vary with accumulated dose. It is interesting to note that, although 
the amount of charge collected begins to drop off quite sharply (fig.A.6a), the 
shape of the spectrum holds remarkably well and does not begin to deteriorate 
until the dose reaches r's4x 106 fragments mm -2  (fig.A.6b). 
Discussion 
The results indicate that double-sided strip detectors stand up remarkably well to 
radiation damage from heavy ions. The most critical factor would seem to be the 
quality of the interstrip resistance which, on the detector used in the tests, was 
subject to local variation. As has been demonstrated, this can breakdown rapidly 
and catastrophically and results in the loss of any reasonable energy or position 
information from the strips involved. Provided there is no such breakdown, the 
loss of resolution due to increased charge recombination is gradual, although for 
measurements being made in such circumstances frequent gain-matching and en-
ergy calibrations must be performed to accommodate the downward drift of the 
spectrum along the energy axis. 
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Figure A.6: a) Graph showing the channel number of the higher centroid of the fission 
fragment spectrum with accumulated dose. b) Graph showing the peak/valley ratio, Ni/Nv 
with accumulated dose. 
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achieved after irradiation of -6x 10 6  fragments mm -2 on the p face, and possibly 
up to —8x106 on the + face. 
For measurement of heavy ions, the results are less clear. The best resolved fission 
fragment spectrum (achieved during initial tests of the effect of bias voltage) was 
only slightly above the borderline of acceptability. The parameters for this are 
shown in table 3. 
Parameter 	Definition 	Reasonable Measured 
Number 11 1 Limit I 	Value 
1 NL/NV >2.85 3.00±0.15 
2 NH/NV -p2.20 2.49±0.14 
3 NL/NH - 1.20±0.04 
4 iL/(L-H) <0.38 0.38±0.01 
5 H/(L-H) <0.45 0.42±0.01 
6 (H-HS)/(L--H) <0.70 0.67±0.01 
7 (LS-L)/(L-U) <0.49 0.50±0.01 
8 (LS-HS)/(L-H) <2.18 2.17±0.02 
Table A.2: Fission fragment spectrum parameters for the best resolved spectrum. 
Again, it should be stressed that the measurements were made on a detector which 
had not met quality control criteria. No tests were made on commercial standard 
detectors and it is therefore not known whether a spectrum of this quality can 
be obtained from all parts of such detectors. If this is (perhaps optimistically) 
assumed to be the case, then double-sided strip detectors can measure heavy ions 
adequately up to an accumulated dose of x 106  fragments mm -2 , provided the 
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Figure B.1: Flowchart showing main elements of sort software 
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